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ABSTRACT 


Title of thesis: Very long baseline interferoaetry applied to polar 

aotion, relativity, and geodesy 
Chopo Ha, Doctor of Philosophy, 1978 

Thesis directed by: Associate Professor Jean-Paul Richard 

The causes and effects of diurnal polar aotion are described. An 
algorithn is developed for modeling the effects on very long baseline 
interferoaetry observables. Five years of radio-freouency very long 
baseline interferoaetry data from stations in Massachusetts, 

California, and Sweden are analyzed for diurnal polar motion. It is 
found that the effect is larger than predicted by McClure. Corrections 
to the standard nutation series caused by the deformability of the 
earth have a significant effect on the estimated diurnal polar motion 
scaling factor and the post-fit residual scatter. 

Simulations of high precision very long baseline interferometry 
experiments taking into account both measurement uncertainty and 
modeled errors are described. It is found that the Hide-Band Optical 
Very Long Baseline Interferometer may be useful in studying 
gravitational deflection near Jupiter. A selection is made between two 
three-station networks for monitoring polar motion. The effects of 
scheduling and the number of sources observed on estimated baseline 
errors are discussed. It is found that a moderate number of sources 
should yield the best results. A comparison of actual and simulated 
experiments indicates that the present variability of real data is not 


well predicted. 
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INTRODUCTION 


Very-long-baseline-interferometry (VLBI) was first developed 
(Broten et al 1967, Bare et al 1967, Moran et al 1967, Currie et al 
197*0 for studies of source structure and size. The technique has 
since been applied to several other fields: 1) radio astrometry 
(Counselman 1976, Clark et al 1976, Gubbay et al 197**, Rogers et al 
1973, Cohen 1972), 2) relativity (Counselman et al 197$), 3) geodesy 
. (Rogers et al 1978, Ong et al 1976, Thomas et al 1976, Whitney et al 
1976, Coates et al 1975, Shapiro et al 197$, Hinteregger et al 1972), 

$) polar motion and UT1 (Shapiro et al 197$, Moran 1973), and 
5) geophysics (Robertson 1975). New equipment such as the Mark III 
system (Coates et al 1975 and appendix A) and the Wide-band Very Long 
Baseline Optical Interferometer (Currie 1977) promise to increase the 
versatility of VLBI while refined analytical methods should yield 
better scientific results. 

This thesis addresses two general areas: 1) the development of 
models for the analysis of VLBI observations and 2) the applicability 
of VLBI to the study of various phenomena. 

As VLBI measurements become more precise, the need for correct 
physical models grows more acute. The motion of the observing stations 
through space is quite complex. At the crudest level they spin in a 
circle as the earth rotates about its axis. Complications quickly 
enter however. The direction of the axis in space changes, the 
position of the axis in the earth changes, and the rotation rate 
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changes. The earth responds to tidal forces and the stations move 
accordingly. All these effects aust be correctly separated and aodeled 
If the observations are to be properly Interpreted at the 
allllarcsecond or several centlaeter level. I have been particularly 
concerned with diurnal polar aotion or dynaaic variation of latitude 
and I have used VLBI data to investigate this phenoaenon in order to 
develop a better aodel for the overall rotation of the earth. 

As VLBI equipment improves in sensitivity, resolution, 
reliability and cost, the technique can be applied to new areas or to 
better aeasureaents in existing areas. It is useful to know how well 
aeasureaents can be aade before undertaking an experiaental program. 

For exaaple, optical observations do not suffer from the saae set of 
problems as do aicrowave observations. Can optical observations then 
perform a aore precise test of relativity? Unless unlimited time is 
available, it is also desirable to put the tiae to its best use by 
optiaizing the observations for the parameters of ultimate interest. 

For exaaple, many observations have been primarily for astronoaical 
purposes. An observing schedule could be designed for geodetic 
parameters instead. Both questions, what can be done and how to do it 
best, may be approached through experiment simulation and error 
analysis. The effect of small model errors on precise measurements can 
also be studied. I have investigated several areas, applying to them 
an augmented covariance analysis that includes the effect of certain 
systematic errors. 

Chapter 1 describes the fundamentals of VLBI observations. In 
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Chapter II I describe the coordinate systems and physical models used 
In data analysis and experiment simulation. Compact analytical 
expressions for the models and parameter partial derivatives are given. 
I derive expressions for the solid earth tides and diurnal polar motion 
which have particular applicability to the present analysis. 

Chapter III describes my study of diurnal polar motion based on five 
years of VLBI observations. I define the nomenclature and give a 
detailed description of the phenomenon and its effects. The 
implementation of a diurnal polar motion model is also described. My 
work with experiment simulations is described in chapter IV. The 
statistical theory is first summarized. The core of the chapter 
discusses three studies: 1) estimating the relativistic light bending 
parameter with optical observations near Jupiter, 2) precise monitoring 
of polar motion and UT1 with radio frequency VLBI, and 3) the effect of 
observing schedules on the precision of baseline parameter estimates. 
The last section of the chapter compares several actual experiments 
with simulations. The appendices contain information about the 
Mark III VLBI system (the instrumentation, data base structure and 
software), details of the experiment simulation program, and a 
gravimeter study of solid earth tides. 
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Chapter I. 


:'*INCIPLES OF VERY LONG BASELINE INTERFEROMETRY 


This chapter describes the basis for Very Long Baseline 
Interferoaetry. The observables are defined and the fundamental 
geometry and apparatus are reviewed. Complications of g r y, 
propagation media, and instrumentation are sketched in anticipation of 
the detailed models given in chapter II. 

A. The VLBI observables 

The primary VLBI observable for geodetic and astrometric studies 
is the measured time interval between the arrival of a radio signal at 
one end of the interferometer and its arrival at the other end. This 
interval is called the delay and its time derivative is the delay rate 
observable. From a sufficient set of these data as functions of time, 
the geometry of the interferometer baseline and the position of the 
observed radio sources can be determined. 

B. Basic geometry and apparatus of VLBI 

The basic geometry of a VLBI interferometer is shown in 
figure 1.1. Each observing station receives and records independently 
the signals from a radio source. The time of arrival of the signals in 
terms of the local clocks is also recorded. In the simplest case the 
signal from the source is a single plane wave and the observing sites 

-M- 



RADIO SOURCE 



STATION I 


Fig. 1.1 


Basic VLBI geometry 




arc fixed in space. The difference in recorded arrival tiae is then a 
direct Measure , in llght-tiae, of the coaponent of the interferoaeter 
baseline in the direction of the source. Measuring delays fro* sources 
located orthogonally in space caapletely determines the baseline length 
and orientation. For a source eaitting continuous random signals, soae 
portion of the wave train is recorded by each station. If the two 
receiving and recording systeas have the saae bandwidth and no noise, 
the signals recorded will be identical in shape but displaced in tiae. 
The difference in arrival t ae is the tiae offset required to Bake the 
wave foras coincide. The delay can then be found by cross-correlating 
tbe two signals and determining the point of aaxiaua correlation. The 
case of an interferoaeter on a rotating platform is illustrated in 
figure 1.2. Two additional factors aust now be taken into account. As 
the interferometer rotates in space, the projected baseline in the 
direction of the source changes with tiae, introducing the delay rate 
observable. As the stations aove, the signals recorded by each station 
are Doppler shifted. These effects aust be reaoved before the 
recordings can be correlated to deteraine the delay observable. 

VLBI instrumentation can be divided into several sub-systems: 

1) antenna, 2) receiver, 3) frequency standard, 4) recorder, 

5) calibration, and 6) correlator. 

Antennas used for VLBI have varied in size from the 305-m bowl at 
Arecibo, Puerto Rico to a portable 9-a surplus Army dish of the Jet 
Propulsion Laboratory. The sites have been distributed geographically 
as widely as Australia and the Criaea. The observations which ar 
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described in chapter III were recorded at the Haystack Observatory in 
Massachusetts, the Mars antenna at ths Goldstone tracking complex of 
the Deep Space Network in California, the Onsala Space Observatory in 
Sweden, and the Owens Valley Radio Observatory (OVRO) in California. 

An antenna may have a significant impact on VLBI observations depending 
on the mount geometry, slew rate (the speed at which the antenna can be 
moved from source to source), collecting area, and efficiency at the 
observing frequency. The first two factors affect the sequence of 
sources that can be observed while the latter two affect the list of 
sources. 

The front end receiver electronics are usually provided by the 
observatory operating the antenna. The least noisy receivers use maser 
amplifiers with X band (8 GHz) receiver temperatures as low as 30 deg K 
at Goldstone and S band (2 GHz) temperatures as low as 17 deg K. 
Haystack has used a cooled parametric amplifier operating as low as 
70 deg K while the OVRO uncooled paramp has operated at 120 deg K. The 
observing bandwidth has ranged from 26 MHz at Goldstone to MOO MHz at 
Haystack and OVRO. The noise of the receivers on an interferometer 
puts a lower limit on the source flux that can be observed while the 
observing bandwidth influences the measurement uncertainty of the VLBI 
observables. 

Commercial rubidium and cesium beam clocks and hydrogen masers 
have been uued as VLBI frequency standards. Rubidium clocks have 
fractional frequency stabilities of parts in 10 11 while hydrogen 
masers can be two or more orders of magnitude better. Two time scales 
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are important. Over periods of a few minutes frequency stability must 
be adequate to provide sufficient integration time for extracting the 
VLBI observables. Over periods from several hours to a day, the 
frequency standard must function as a stable clock for recording signal 
arrival times. 

Calibration systems have been used to monitor the electronics and 
the ambient environmental conditions. Measurement o r internal 
dispersion and cable lengths has been provided by ohase calibrators. 
Sensors for pressure, humidity and temperature and radiometers to 
measure water vapor content have gathered data for calibrating the 
effects of the atmosphere. 

Several incompatible recording systems exist. The Mark I records 
a bandwidth of 36u kHz on computer tape drives. Each data tape is 
limited to three minutes. The widely used Mark II system records a 
bandwidth of 2 MHz using modified Ampex or IVC video tape decks. The 
practical advantage of using video ~ irdtrs is the ability to record 
continuously for several hours on gle reel of tape. The 

disadvantage '.s greater complexity and poorer processing consistency 
for the delay observable. The Mark III system under development uses 
an instrumentation drive to record as many as 28 tracks of up to 2 MHz 
each on a 9600-ft reel. Depending on the recorded bandwidth and number 
of tracks, a tape may last from 1 3 minutes to several days. 

There are three special purpose correlators for the two 
operational recording systems. The Mark I processor is located at '.he 
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Haystack Observatory. Mark I data have also been reduced on the 
13M 360/91 at the Goddard Space Plight Center (GSPC). Two Mark II 
processors have been built, one at the National Radio Astronomy 
Observatory (NRAO) in Charlottesville, Virginia and the other at the 
California Institute of Technology. The design of the three 
correlators is dissiailar and there have been difficulties coa paring 
the delay and correlation output froa the different processors. A 
skeletal Mark III correlator exists at the Haystack Observatory. 

0. Dependence of VLBI observables on geoaetry 

Since the delay and delay rate observables are dependent on the 
relative geoaetry of the stations and sources, it is helpful to 
describe the observing geoaetry in soaewhat greater detail. Froa 
figure 1.1 the geoaetrical delay is 



where B is the baseline vector froa station 1 to station 2, S is a unit 
vector pointing in the direction of the source, and c is the velocity 
of light. (In the following discussion of geoaetrical effects, the 
speed of light is set to unity.) In a reference system where the 
source coordinates are fixed, the vector B will change in orientation 
brt not in norm as the earth rotates. For simplicity, assume the 
coordinate axes are arranged so that the z-axis is in the direction of 
the earth's instantaneous spin axis. The baseline vector can be 
separated into two parts, a polar (z) component parallel to the spin 
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axis and an equatorial ( xy ) coaponent perpendicular to the spin axis. 
Then 


T 

S 


-(B + B ) • (I ) 
* xy * xy 

•(b * +1 *2 ) 

xx xy xy 


I.C.2 


where bx and sx are the noras of the polar components. By definition, 
the polar coaponent cannot change with the ecrth's diurnal rotation. 

- Therefore part of the geometric delay is constant and depends only on 
the x-coaponent of the baseline vector and the source declination. As 
the earth rotates, the equatorial coaponent of the baseline is carried 
around on a platform and its projection in the direction of the source 
has a sinus- idal behavior 



b s sin(Wt + p) 

XV XV 


I.C.3 


where bxy and sxy art the noras of Bxy and Sxy, respectively, M is the 
earth's rotation rate, t is tine, and p is the phase angle at a 
reference epoch. Therefore the total geoaetrie delay is 


T - -(b s ) - (b s sin(Wt+p)) 
g 22 xy xy 


I .C.4 


The tlae derivative of the geometric d* lay (the delay rate) depends 
only on the equatorial components of the baseline and source vectors 
and is given by 

dT 

-r-^ - -Wb s cos (Wt +p) 
dt xv xv ' 
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There are several physical phenomena which complicate the 
geometry of a VLBI observation. These are described in general terns 
below. Details of how the effects are modeled are given in chapter II. 

The conventional celestial coordinate system is defined with the 
origin at the earth's center of mass, the x -direct ion aligned parallel 
to the spin axis and the x -direction pointing toward the intersection 
of the equator and the orbital plane through which the earth passes at 
the vernal equinox. The presence of other bodies in the solar system 
causes this coordinate system to change orientation slowly with respect 
to a reference frame defined by sources sufficiently distant to have 
undetectable notion when viewed by an unaccelerated observer. The 
gravitational force of the sun and moon on the earth's equatorial bulge 
causes 1 uni-solar precession of the spin axis by 50.3 a re sec per year. 
Astronomic- 1 nutation caused largely by the behavior of the moon's 
orbit superimposes shorter quasi-periodic motions up to 9 arc sec with a 
principal period of 18.6 years. The other planets cause a slow 
rotation of the earth's orbital plane, moving the intersection with the 
equator and decreasing the obliquity, the angle between the orbital 
plane and the equatorial plane. These motions result in an apparent 
change in source position as viewed from the instantaneous 
earth-centered celestial coordinate system and affect VLBI observables 
accordingly. A change in declination affects the constant part of the 
geometric delay and the amplitude of the diurnal sinusoids in delay and 
rate. A change in right ascension affects the phase of the diurnal 
sinusoids. Since the observed sources are most probably fixed in an 
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Inertial mfnmnc* (Vane, It is conceptually stapler to reduce the 
observations in a filed coordinate ays tea, currently defined by the 
orientations of the aean spin axis and naan orbital plane of the epoch 
1950.0. the transformation fron the instantaneous celestial coordinate 
systea to the reference coordinate system is a set of coordinate 
rotations characterised by three parameters: the precession constant, 
and nutations in obliquity and longitude. The notion of the earth 
along its orbit, which causes stellar aberration, is treated by 
defining the origin of the re f erence coordinate systea at the solar 
systea bary center and translating appropriately. 

The location of a place on the earth is neasured in a terrestrial 
coordinate systea defined by a reference pole and the aeridtan of 
Greenwich. Hunk and Hacdonald (19©0) contains the standard discussion 
of noaenclature. The terrestrial system does not coincide with the 
celestial coordinate system described above because the spin axis moves 
relative to the physical surface of the earth and because the Greenwich 
neridlan rotates once per day. The angle about the z-axis between the 
terrestrial and celestial coordinate systeas is measured by apparent 
sidereal tine, the angle between the Greenwich meridian and the 
celestial x-axis. This ai^tle does not increase unifomly with tine as 
neasured by atonic clocks but has periodic variations and an irregular 
secular drift. If the tine broadcast by international line services 
(universal coordinated tine or 1TC) is converted assuning uniform 
rotation to the equivalent sidereal tine, there nay be a discrepancy of 
up to 0.4 seconds fron the actual apparent sidereal ttne (8IH annual 
report), normally the offset is kept less than 0.7 sec or 10 arcsec. 



The effect on the delay observable aay be as such as 100 nsec. 

The notion of the spin axis with respect to the reference pole 
fixed <• the earth's crust is called polar notion or wobble. There are 
two distinguishable components of polar notion: 1) the 1-year component 
caused by the forced notion of the spin axis about the principal moment 
of inertia axis and 2) the Chandler wobble of 1.2-year period related 
to the damped Eulerian free precession modified by the elastic 
deformation of the earth. The amplitude of these terms is about 
0.2 arc sec. Over a period of six years the mean position of the spin 
axis is nearly constant but there may be a small secular drift. In 
addition to long period polar motion, the existence of diurnal polar 
motion with an amplitude of 0.02 arcsec has been theorized by 
Voolard (1953) and McClure (1973). The effect of polar motion is to 
vary the orientation of the terrestrial system with respect to the 
celestial system about the x and y-axes, causing a further change in 
observatory positions. The naximum effect on the delay observable is 
20 nsec. Three parameters can be used to characterize polar notion. 

The slowly moving spin pole position averaged over several days is 
related to the reference pole by two orthogonal angular distances. 

These distances describe conventional polar notion. Diurnal polar 
notion can be described by a factor which scales the magnitude of the 
displacement. Diurnal polar notion is discussed in detail in 
chapter III. 

The transformation from the terrestrial coordinate system to the 
Instantaneous celestial coordinate system is a set of coordinate 
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rotations involving apparent sidereal tiae, long period polar notion 
and diurnal polar notion. 

The tidal potential of the noon and sun causes a solid earth 
tide. If the earth were fluid, the naxinun displacenent of the surface 
would be 76 ca (Melchior 1966). Actual displaceaents are estiaated to 
be up to 36 ca. There is also a saall (3 ca) effect of ocean tides on 
solid earth displaceaents (Farrell 1970). As the water in the ocean 
aoves, the load of its weight and its gravitational force on the 
continents varies. The total tidal displacenent is dependent on the 
relative positions of a station, the noon, the sun and the oceans. 
Consequently, both baseline length and orientation vary with tine. The 
effect on the VLBI observables Is quite coaplicated. Good models of 
solid earth tides and ocean loading are desirable even though the 
effect on delay is less than 2 nsec. The radial and horizontal 
displaceaents caused by the solid earth tides are characterized by two 
Love nuabers. Because the ocean loading aodel is quite different froa 
the solid earth tide aodel, the ocean tide aust be treated separately. 
Each component of the ocean loading tide can be represented by a 
aagnitude and phase offset, both of which are specific to each station. 
The phase offset is the phase lag or lead relative to the solid earth 
tide of the saae frequency. 

The arrival tiae of a signal aust be defined with respect to some 
fixed geometrical point within the observing telescope. A convtnient 
point is the intersection of the fixed telescope axis with the plane 
perpendicular to it containing the aoving axis. However, the signal is 
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recorded as arriving at a fixed interval after it reaches the feed horn 
of the receiver. If the axes of the telescope intersect (figure 1.3), 
the feed horn of the (ideal) telescope maintains a constant distance 
from the fixed reference point. The difference in tiae along the 
actual ray path to the feed and the ray path directly to the reference 
point is a constant and the recorded arrival tiae will have a constant 
offset. The effect on the delay observable will also be constant while 
the delay rate is unaffected. If the telescope axes do not intersect 
(figure 1.4), there is a distance between the aoving axis and the 
reference point which the signal aust cross. This additional distance 
is given by 

AA-Dsin(d) I.C.6 

where D is the offset between the axes and 6 is the angle between the 
fixed axis and the direction the telescope is pointed. The signal is 
recorded earlier by both the constant difference between the ray paths 
to the feed and to the aoving axis and by the varying projection of the 
offset in the direction at which the dish is pointed. Both delay and 
delay rat' aay be affected. Since the axis offset aay be several 
aeters, the effect can be substantial. In a real telescope, there also 
are changes in the ray path to the feed resulting froa thermal 
expansion, gravitational loading, wind pressure, etc. Removing these 
effects requires a detailed aodel of the telescope structure and has 
not been done to date. The magnitude of the effects should be under 
2 cm. 
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Fig. I.U 


Geometry of nonintersecting telescope axes 
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Fig. 1.3 


Geometry of intersecting telescope axes 



While the sources used in VLBI geodesy are far enough away to 
sake actual angular movement unlikely, there can be a saall apparent 
change in position resulting fraa complex ailliarcsec source structure. 
The apparent source position can depend on the interferometer 
resolution, which changes as the baseline component perpendicular to 
the source vector changes over a day. The apparent position will move 
if the source has an asymmetric distribution of components. Likewise, 
as the source evolves and different areas radiate, the apparent 
position may shift even if no overall physical displacement occurs. 
These effects, which should be less than 0.3 nsec in delay for the most 
complex source commonly observed, can be minimized using detailed 
source structure maps to calculate the apparent source position 
changes. 

D. Dependence of VLBI observables on the propagation medium 

If the medium is dispersive, there are two velocities associated 
with wave propagation, group velocity and phase velocity. Both group 
delay and phase delay can be extracted from the raw VLBI data. The 
phase delay has ambiguities spaced at 1/f where f is the observing 
frequency. These ambiguities arise from the spacing of the 
interferometer fringes on the sky and the inability to determine the 
absolute fringe on which the observed source is located. Since the 
ambiguities are about 0.1 nsec and are therefore quite difficult to 
resolve, phase delay is generally not used for geodetic and astrometric 
studies. It has only been useful when observing a single source or a 
few closely located sources where the fringe phase can be continuously 
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extrapolated from one data point to the next. 


The group delay Is giver by 



where 4 is the fringe phase or phase of the cross-correlation function 

and w is frequency over the observing bandwidth. Aabiguities in the 

. group delay occur if the observing bandwidth is samM..-*-! at discrete 

frequencies, a technique called bandwidth synthesis. The aabiguity is 
1 

Af where Af >ln is the smallest frequency interval used provided that 
the other s pacings are integer multiples of the aiauaua spacing. Since 
group delay aabiguities in past Hark I data have ranged froa 1 aicrosec 
to to nsec, it has been possible to correct for thea with increasingly 
accurate a priori geoaetry. 

The retardation effect of the propagation aedim can be divided 
into four areas, the dry component of the troposphere, the wet 
coaponent, the ionosphere, and the solar corona. In each case the 
effect on the delay observable is simply the difference in the signal 
delays at the two ooserving stations. 

The dry component of the troposphere introduces a signal delay of 
approximately 7 nsec at the zenith. Since the dry atmosphere is 
relatively ’iniform and the delay depends almost entirely on the mass 
along the line of sight, it is possible to model the dry atmosphere 
from surface meteorological data. The atmosphere can also be modeled 
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approximately by using a single zenith thickness parameter and scaling 
the effect by a function of the elevation angle of the observed source. 
Time variations can be introduced by using different zenith parameters 
for different periods. 

The effect of water vapor in the troposphere is typically between 
\0t and 15f of the dry component but changes markedly with time and 
direction. The effect on VLBI observables cannot be modeled from 
surface conditions because of the patchy distribution of water in the 
atmosphere. It is necessary to make direct measurements of water 
content in the observing direction in order to remove the effect. Some 
work along these lines has been done with microwave radiometers at 
19 GHz and 22 GHz (Horan 1976, Reach 1975). 

Charged particles in the ionosphere cause a frequency-dependent 
signal delay. At 8 GHz the equivalent daytime zenith delay is 
typically 0.3 nsec while the nighttime effect is an order of magnitude 
lower. Group delay and phase delay are affected with opposite sign. 
Complications can arise when observing in the direction of dawn or dusk 
and when the ionosphere is disturbed by solar storms. Simple 
analytical models have not proved useful and corrections using 
satellite Faraday rotation data have led to only marginal improvements. 
Since the ionosphere signal delay is given by 



where k is a scaling factor and f is the observing frequency, it is 
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possible to reaove the effect by observing simultaneously at different 
frequencies. New delay and delay rate observables which are free of 
ionospheric effects can be derived from their respective values at 
dii erent frequencies. 

Like the ionosphere, the solar corona retards a radio signal 
because of its charged particle content. It is possible to model the 
effect as some function of the separation of the source unit vector 
frcm the sun. However, when the coronal effect becomes large enough to 
be a significant error, short term fluctuations near the sun often 
degrade the data beyond recovery. The multi-frequency technique used 
to eliminate the ionospheric delay can simultaneously remove the 
coronal effect. 

E. Dependence of VLBI observables on instrumentation 

The instrumentation used in VLBI can be divided in two parts for 
the purpose of discussing its effect on the VLBI observables. One part 
is the frequency standard which provides both time and mixing 
frequencies. The other part is the electronics which takes the signal 
from the telescope feed horn to magnetic tape. 

Since the delay observable is directly related to the recorded 
time of signal arrival, any deviation by a station clock will appear 

immediately in the delay. The hydrogen masers presently used in VLBI 

14 

have measured laboratory stabilities of a few pa/ts in 10 , 

corresponding to an error of less than 5 nsec per day. If both clocks 
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of a VLBI baseline have linear drifts, then the effect on the delay 
observable can be parameterized by an offset and a net clock rate. The 
delay rate is only affected by the second ten*. The offset is 
necessary since it is generally not possible to synchronize two widely 
separated clocks to better than a few aicroseconds. 

Hydrogen masers in field use, however, have been found to be 
affected by external masses of metal, barometric pressure, temperature, 

and poorly diagnosed internal illnesses. The masers at Goldstone and 

12 

NRAO have had vari 'tions up to parts in 10 but are typically stable 

l4 

to parts in 10 . Common problems include long term non-linear drifts 

and discontinuities in phase and rate. A simple but uninformative 
method of treating poorly behaved clocks is to use a polynomial of the 
form 


2 

T » a« + a,t + a_t + ... I.E.1 

c 0 1 t 

where T c is the clock contribution to the delay from a station, a Q is 
the clock of i' oet, is the rate, and t is an appropriate measure of 

time. Discontinuities can be handled by using separate polynomials on 
both sides of the break. The number of polynomials and the number of 
terms in each is at present a mattei of judgment and experience. The 
behavior of poorly controlled clocks has not been systematic enough to 
permit a better physical model. 

The rest of the instrumentation affects the observables in a 
manner somewhat analogous to the propagation medium. As signals pass 
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through the cables and active elements In the receiver and recorder 
electronics, they are subject to retardation and dispersion. Both 
effects can be monitored using a phase calibrator signal injected at 
the feed. The phase calibrator signal is extracted at each frequency 
used in sampling the observing bandwidth. Its phase in each frequency 
channel is used to correct dispersion. The arrival time associated 
with a signal is derived directly from the phase calibrator injected 
with that signal. Consequently the delay observable is affected not by 
the delay getting the signal from the feed horn to magnetic tape but by 
variations in the time interval required for th -• phase calibrator 
signal to go from the station frequency standard to the feed. Cable 
length calibration techniques used at Haystack and NRAO indicate that 
such variations can be several tenths of nanoseconds and is probably a 
result of cable stretching and thermal expansion. 

F. Measurement uncertainties of the VLBI observables 

Whitney (197*0 gives expressions for the measurement 
uncertainties of the VLBI delay and delay rate observables. His 
analysis includes the case of digitize* recording with discrete 
sampling of the observing bandwidth whicn applies to the Mark I 
observations discussed in chapter III. 


The measurement standard deviation of the delay observable is 
given by 


S (delav ) 


1 

U>~ ’ SNR 


I .F. 1 
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where 


u s s standard deviation of the observing frequencies used to 
sample the observing bandwidth 
SNR = signal *o noise ratio 

= ^2BT I.F. 2 

v 

B = recorded bandwidth 
T = integration tine 

p * I.F .3 

Y = fringe visibility 

= 1 for a completely unresolved source 

T al T a2 I.F. * 

‘ < T 4l* I .l >(T .2 +T S 2 ) 

T . , T , s source antenna temperatures 
al a*. 

T H T ^ = system noise temperatures 



F = sou. -ce flux density 
E s antenna efficiency 
A = collecting area 
K = Boltzmann's constant 

The standard deviation of the delay rate observable is given by 
/12 

S (delay rate) - - — I.F. 5 


-2U- 



where 


m - root-wu-aqu»re of the stapling frequencies 

a 

In practice the delay rate uncertainty is doainated by the fractional 
stability of the station frequency standards and ataospheric 
fluctuations. 

G. VLBI instrumentation systeas 

Three different VLBI systeas are discussed in chapters III and 
IT. These are Mark I, Mark III, and VOVLBI. 

Mark I is the only fully realized systea of the three and was 
developed by groups at NR AO, MIT and Haystack Observatory- The 
instrumentation and algorithms have been described by 
Whitney et al (1976), Whitney (197*), Hinterreger (1972), and 
Rogers (1970). Mark I has provided useful data since 1968 but will 
eventually be completely replaced by Mark III. 

The Mark ill VLBI systea is being designed and built as a 
cooperative effort by grouos at GSFC, Haystack Observatory, NR AO, and 
MIT. Improvements in the recording and processing hardware should 
contribute to generating data for both celestial and terrestrial 
studies which is a factor of ten better than what is nov possible. In 
addition, the equipment should be more reliable and easier to operate 
than either Mark I or Mark II. A further description of the Mark III 
system can be found in appendix A. The recorder and processor were 
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tested in Sept. 1977 on a Massachusetts to Vest Virginia baseline using 
up to 2* of 28 possible tracks. A nuaber of stror^ and weak sources 
were observed over a AO-hr period. Preliminary results indicate that 
the Mark III fringe amplitudes agree to If with Mark I data taken 
simultaneously. 

The WO VLB I (Hide-band Optical Very Long Baseline Interferometer) 
was designed and is being built by the Quantum Electronics group at the 
University of Maryland under the leadership of Prof. D. G. Currie. An 
earlier model has been used on the 200-inch telescope at Palomar 
Mountain and the 100-inch telescope at Mt. Wilson to observe stars as 
faint as sixth magnitude. The operational principles of the HO VLB I are 
completely different from the radio-fre<pjency systems. A description 
of the apparatus an! its capabilities can be found in Currie (1976, 
1977). 
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Chapter Ii. 


PHYSICAL MODELS USED IN HIGH PNECISION I H TENPE N OMETNT 

This chapter describes the Models used in analysis of VLBI 
experinents. The algorithms are implemented in three computer 
programs. CALC is part of the Mark III system and is described in 
appendix B. VLBI3 is an older pa ra meter estimation program. A 
modified version of VLBI3 was used to obtain the results discussed in 
chapter III. ESTIH is the experiment simulation and error analysis 
progr am and was used in the work described in chapter IT. 

The physical models used to determine the theoretical values of 
the delay and delay rate observables can be divided into three groups: 
1) those that determine the orientation cf the baseline with respect to 
the fundamental VLBI reference frame, 2) those that involve 
perturbations to the simple observing geometry, and 3) those related to 
the propagation medium. Each group will be treated in a separate 
section. The chapter begins with a discussion of coordinate systems 
and time followed by expressions for the VLBI observables. 

The following notation will generally be used. R.(0) represents 
the rotation of the coordinate system by the angle 0 about the i-axis. 
The positive angular direction is counterclockwise as viewed along the 
axis in toward the origin. The symbol A represents the time derivative 
of the quantity A. A • B is the scalar product of vectors A and B 
while A * B is the vector cross product. 
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A. The VLBI reference fraaes 


An ideal coordinate reference fraae for VLBI observations would 
be an inertial fraae defined with respect to radio sources sufficiently 
distant to be "fixed* in position. Adopted positions of the 
fund aaen tal sources would define the orientation of the systea and 
positions of the "fixed" sources would be independent of epoch. Any 
apparent changes in positions would be related to errors in the theory 
of the earth's notion. For historical and practical reasons the actual 
coordinate systea used is soaewhat different. 

The fundaaental coordinate systea used in the present analysis of 
VLBI observations is a quasi-inertial reference fraae whose origin is 
at the solar systea barycenter and whose orientation is defined by the 
aean equinox and equator of the reference epoch 1950.0 (Julian date 
2*3 3282.A23). The z-axis is perpendicular to the aean equator of 
1950.0 and is positive northward. The x-axis points ai the 
intersection of the aean equator and the aean ecliptic of 1950.0 in the 
direction of the ascending node of the ecliptic on the equator (the 
vernal equinox or the first point in Aries). The y-axis completes a 
right-handed cartesian systea. 

The choice of the 1950.0 epoch to orient the coordinate systea is 
dictated by conventional usage since source positions are ooamonly 
reduced to the 1950.0 systea. The reference epoch will soon be changed 
to 2000.0, however. The fundaaental systea of stars to which the 


- 28 - 



1950.0 epoch coordinate systea is referenced is the FK4 catalogue 
published in 1963. The use of the FT* catalogue requires the 
application of Meweoab’s expressions for the precessional eleaents 
which describe the aoveaent of the seen celestial pole and the aean 
ecliptic pole. The extent to which Newcoab's precession constant 
(5025. 6* arcsec per century at epoch 1900) differs froa the physically 
correct value will be be reflected in an identical deviation of the 
fundamental coordinate systea froa an inertial reference frame. The 
positions of truly fixed sources determined at different epochs would 
appear to drift when reduced to the reference epoch. However, the 
conventional precessional eleaents must be used if VLBI source 
coordinates are to be easily, if somewhat misleadingly, compared with 
results froa other techniques. 

In theory a fundamental optical coordinate systea can be defined by 
fixing three values, the declination of two stars and the right 
ascension of one of them. The fact that the bright, nearby stars used 
in fundamental catalogs have detectable proper motions is a serious 
coaplication. The fundamental system for VLBI observations does not 
have the same restrictions. For any VLBI observation the declination 
of a source contributes a constant of the fora B sin(deelinat ion) 
where B. is the polar component of the baseline. Therefore a source at 
the celestial pole defines B_ completely. The declination of each 
source always enters directly into the subsequent analysis with the 
same terrestrial scaling factor. The origin of right ascension, on the 
other hand, enters equally into the observations of all the sources and 
cannot be separated froa an offset in time. The absolute right 
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ascension origin in an optical fundaaental systea can be obtained in 
theory by observations of the sun, although in practice the observed 
motions of the planets, whose positions relative to the ecliptic nay be 
derived fro* celestial Mechanics, are used. As neither the sun nor the 
planets are suitable for VLBI observations, the right ascension of one 
observed source *ust be assumed. At present the 1950.0 right ascension 
of 3C 273B is fixed at 12 hr 26 *in 33-2*6 sec based on a lunar 
occcultation observed by Hazard et al (1963). Given a sufficiently 
long set of VLBI observations of fixed sources, however, it would be 
possible to estiaate both the precession constant (Walter 1977) and the 
position of the *ean ecliptic pole, thus freeing the VLBI fundaaental 
systea fro* the optical systea. 

The transforaation fro* geocentric origin to solar systea 
barycentric origin is accoaplished by use of a planetary epheaeris. 
Presently the output of the Planetary Epheaeris Prograa (PEP) developed 
at Lincoln Laboratory is used. The positions of the eight planets, the 
earth-aoon barycenter and the noon are tabulated on magnetic tape. The 
tabular points are interpolated to give the position, velocity, and 
acceleration of the earth's center in the solar systea barycentric 
coordinates for a given observation epoch. 

At first glance it would see* that the terrestrial systea for 
station coordinates should be defined by the earth's spin axis and 
barycenter and an arbitrary origin of longitude. The spin axis defines 
both declination and the polar baseline component while the barycenter 
enters in the transforaation to the solar systea barycentric systea. 
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However the spin axis is not fixed with respect to the physical surface 
and the barycenter is not exactly determined. Consequently the station 
coordinates would vary with time. It is therefore necessary to adopt a 
•ore stable system even though such a system is not so closely related 
to the dynamics of the earth's motion. The IAU Colloquium No. 26 on 
Reference Coordinate Systems for Earth Dynamics is an exhaustive 
discussion of the problem. Two conventions are used in the the present 
analysis. The system used in the VLBI3 program is a left-handed, 
cylindrical coordinate system defined by the z-axis in the direction of 
the Conventional International Origin (CIO) and the x-axis in the 
Greenwich meridian. The CIO pole is defined by the adopted latitudes 
of the five observatories in the International Latitude Service (ILS) 
based on observations during t900-t905. The origin of the 
three-dimensional VLBI3 system is defined by the adopted coordinates of 
the 37-m antenna at the Haystack Observatory (7t deg 29' 19.20}* west, 
N2 deg 37' 23.00" north, 1N5 a elevation) on the North American Datum. 
The newer convention used in the CALC program is a right-handed 
cartesian system whose z-axis and x-axis are defined as above but whose 
origin is defined by the adopted coordinates of the Mars antenna in the 
Goldstone Tracking complex (x = -.2356197569+7 m, 

y * -. 1 3*127 1 30+7 m, z * . 36770530000+7 m) . The Goldstone position 
is based on space tracking data from the Jet Proplusion Laboratory and 
is more closely tied to the earth's barycenter. In both cases the 
coordinates refer to the intersection of the respective telescopes' 
pointing axes. It should be noted that the correctness of the adopted 
coordinates will not affect the baseline length since only a shift of 
origin is involved. An error in east-west orientation will appear as a 



fixed rotation of the baseline about the z-axis, which is 
indistinguishable froa an offset in tiae. 

B. Description of various tiae and tiae-like quantities 


Within the quasi-inertial fundamental VLBI coordinate systea, 
epochs (tiae of occurence) are defined and time intervals measured in 
coordinate tiae. The coordinate tiae second is defined to be the tiae 

required for 9192631770 cycles of the transition between two hyperfine 

2 

levels F=k, and F=3, of the fundamental state S -^/2 0 * the 

atom of cesiua-133 in zero aagnetic field as observed by a physical 
clock at the aean position and velocity of the earth in a heliocentric 
reference fraae. Coordinate tiae (CT) epoch is defined to be 


CT » Al + 32.15 sec + e 


periodic 


II. B. 1 


where Al is atoaic tiae kept by the United States Maval Observatory 

(USNO) , 32.15 sec is an offset to cake coordinate tiae agree with the 

previous definition of epheaeris tiae, and e . .. are diurnal, 

periodic 

monthly, and annual terns relating to the changing gravitational 
potential and velocity experienced by a clock on the surface of the 
earth. The expressions for e periodic are taken froa Robertson (1975) 
and Moyer (1971). 


V • X 
ec r 


"periodic 


II. B. 2 


-1.658 x 10 J sin (ea) 

-1.672 x 10 6 sin (me) (seconds) 
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ea r eccentric anoaaly of the earth-aoon barycenter 

* aa ♦ e sin(aa) II. 8. 3 

aa a aean anoaaly of the earth-aoon barycenter 

a 6.248291 + 1.990967871 * 10“ 7 t 5Q (radians) II. B. 4 

e a eccentricity of the heliocentric earth-aoon barycenter orbit 
a 0.01672 

ae a mean elongation of the soon from the sun 

= 2.51841 + 2.462600818 * lO -6 t 5(J (radians) II. B. 5 

a time in seconds since 1960.0 (Julian date 2433282.423) 

where V is the velocity of the earth's center in the VLBI coordinate 
ec 

system and is the position of the clock in the terrestrial system. 
The first term has a diurnal signature, the second annual, the third 
monthly. The latter two are referred to later as the long period terms 
(LPT). A nearly annual microsecond contribution due to Jupiter has 
been neglected. 

There are three other concepts which fall under the category of 
time which should be distinguished. The first is the conventional 
epoch now designated by UTC (coordinated universal time) which is 
distributed by various national time services. The time interval is 
determined from the ensemble average of a number of cesium standards 
throughout the world. Both the interval and the epoch are coordinated 
by the Bureau International de l'Heure (BIH). In the United States 
both the National Bureau of Standards and USN0 maintain UTC. In 
practice VLBI measurements use UTC epoch derived from UTCtUSNOl as 



propagated by LORAN and portable clock comparisons. 


The second concept is time interval and frequency as used during 
a VLBI experiment. The frequency standards now used are hydrogen 
masers. The epoch of the nominal start of an observation is marked 
relative to UTC as kept at the station using the maser as a clock. The 
epoch associated with an individual data bit is actually a time 
interval relative to the nominal start time as determined from the 
maser. This time is reierred to in this chapter as atomic time (AT) 
and is the only physically realized time. 

The third concept is time as related to the orientation of the 
earth with respect to the sun and the "fixed" stars, universal time and 
sidereal time, respectively. Universal time was originally tied to the 
mean diurnal motion cf the sun defined by Newcomb a3 

UT = t2 hr ♦ Greenwich hour angle of the mean equinox of date II. B. 6 

2 

-(18 hr 38 min 45.8J6 sec + 86 40184.542 sec T^ + 0.929 sec T^) 

where T is the number of tropical centuries since Jan 0.5 1900 (Julian 
u 

date 241 5020.0). The Greenwich hour angle can be determined 
operationally by observations of stars from a fundamental catalogue. 
Continual improvement of mechanical and later atomic clocks led to the 
recognition that the observed position of stars is measurably affecte 
by the variations in the position of the earth's spin axis, which 
determines the celestial pole and conventional true equator of date, 
and by variations in the rotation rate, secular, seasonal, and 



irregular. The distinction is now drawn between UTO, UT1 , and UT2 . 

UTO is obtained from direct astronomical observations and is dependent 
on observatory location. UTt is UTO corrected for polar motion and 
hence represents the actual angular position of the earth. The 
operational difficulties in determining UT1 are discussed in 
chapter IV. UT2 is UT1 corrected by an empirical formula for the 
seasonal variation in rotation rate but is now obsolete. 

In practice time is kept by atomic clocks at a uniform rate and 
broadcast as UTC. By international agreement since 1972, a leap second 
is intercalated as needed at the end and/or middle of the calendar year 
to keep UTC within 0.9 sec of UT1. Values for UTC-UT1 are calculated 
by the BIH from data of a large number of observatories and distributed 
monthly. The angular orientation of the earth at any epoch can then be 
determined from Newcomb's formula and interpolation of the tabulated 
UTC-UT1 values. 

C. Expressions for theoretical values of the VLBI observables 

The expressions used for delay ( T ) and delay rate (t ) in the CALC 
and VLBI3 programs are taken from Robertson (1975). The delay is 
defined as the interval of time measured oy the physical station clocks 
between the arrival of a signal at station 2 of an interferometer and 
its arrival at itation 1, i.e., t = t(2) — t ( 1 ) where t(2) and t ( 1 ) are 
the respective observ'd arrival times. The following notation is used. 

s first derivative with respect to coordinate time 
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** = second derivative with respect to coordinate time 
R = solar system barycentric position of the earth's center 
= geocentric position of first station 
R^ = geocentric position of second station 
S = unit vector in the direction of the observed source 
t a = delay from propagation media 
LPT = Long Period Terms from expression for CT 


Then with the speed of light set to unity, 


t q - (r 1 -r 2 ) • s - [(r + r 2 ) • sj[(r 1 -r 2 ) • S][l- (r + r 2 ) • S] 


II. C. 1 


- |[(R+R 2 ) • S][(R 1 -R 2 ) • s] 2 + t a 


t = T 0 - R • [R 2 - R x ] - [R ■ R 2 + R • R 2 ] + (LPT) t q 

0 = ( *l" V * S - [(R + R 2 ) • S ] [(R 2 - R 2 ) • S] 

- t(R+R 2 ) • sn^ -R 2 ) • S] + [ (R x -R 2 ) • S][(R+R 2 ) • S]‘ 
+ 2[(R x -R 2 ) • S][(R + R 2 ) • S][(R + R 2 ) • S] 

- \ [(R + R 2 ) • S][(R 1 -R 2 ) • S] 2 


II. C. 2 


II. C. 3 


- [(R + R 2 ) • s][(R 1 -R 2 ) • sJU^ -r 2 ) . S] + T 


d c 
dAT 


II. C. 4 


i Q - [R • (R 2 - R x ) + R • (R 2 - R x ) ] (1 + t q ) 


tR * R 2 ] 4 0 


It should be noted that the above expressions are derived 
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relativistically in the quasi-inertial fundamental VLBI reference frame 
and hence implicitly include the effects of annual, elliptic and 
diurnal aberration. The aberration caused by the earth’s orbital 
velocity is accounted for exactly by use of the instantaneous velocity 
vector rather than a circular approximation. Since the day numbers 
conventionally used in reducing positions from apparent to mean place 
specifically ignore the small 5-terms caused by orbital eccentricity, 
source positions derived from VLBI data will differ from conventional 
positions (conventional - VLBI) by (adapted from Mueller 1969) 

{6a, Lb) = (AC, AD) 

where 

AC = e\ cos v.’ s cos c 

AD = ev cos w 

s 

( cos a sec & 
sin a sec 6 

a - right ascension 
J = declination 
e = true obliquity 
w„ = longitude of perihelion 
X = aberration constant = 20. *196 arcsec 
e = earth's orbital eccentricity = 0.01673 

The value of the elliptic aberration changes very slowly and does not 
exceed 0 . 3*13 arcsec. 


) E 


II. C. 5 


II. C. 6 
II. C. 7 


tan t cos 6 - sin a sin £ 
cos a sin 6 


) 


ii.e.b 
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In CALC and VLBI3 the complete expansions for T and t are uaed. 
However , the station vectors and R,. are computed operationally in 
the terrestrial reference fraae rather than in the quasi-inertia] solar 
systen oarycentric fraae where the earth position vector R is coaputed. 
The various vectors are then added in a Euclidean rather than in s 
relativistic Banner. The problem of correctly calculating the 
bary centric station vectors on a translating, rotating, gravitation?' 
earth is quite coaplicated. Soae initial studies indicate that the 
discrepancy between Euclidean and relativistic addition affects the 
delay observable by less than 50 picoseconds. ESTIM uses only the 
first term from T Q and t q . 

D. Models which determine the baseline orientation 


The models which are related to the orientation of the baseline 
can be treated as siaple coordinate rotations. These are precession, 
nutation, diurnal rotation, polar aotion (or wobble), and diurnal polar 
aotion. The baseline in the fundamental VLBI coordinate system is 
given by 


B 1950.o 


FNSDW B 


terrestrial 


II. D. 1 


where P is the precession matrix from mean equator and equinox of date 
to mean of 1950.0, N is the nutation matrix from conventional true 
equator and equinox of date to mean of date, S i" the diurnal rotation 
matrix about the instantaneous soin axis, D is <:.? diurnal polar motion 
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matrix, and V ia the polar Motion matrix from the CIO pole* to the 
conventional spin axis. The application of these five rotation 
matrices Alves the brseline components in fundamental 1950.0 VLB1 
coordinate system. 

1 . Precession 

The precession matrix P transforms f rc-> ‘he coordinate system of 
the mean equator and equinox of date to the system of the mean equator 
and equinox of 1950.0. P is given by (ESA£N£ 1961) 

P « R U.)R (— (3 ) R (z) 
z 0 y z 

where 

t Q - (2304'.'i:-" + 1?396 t Q )t + 0'.'302 t 2 + 0'.’01S t 3 
z - C Q + 0?791 t 2 + 0'.'001 t 3 
0 - (2004 ?682 - o'.*853 t Q )t + o'.'426 + o'.'042 t 

90® - Cq = right ascension of ascending node of the mean 
equator of date on the equator of 1950.0 
90® + z s right ascension of ascending node of the mean equator 
of 1950.0 on the mean equator of date 
8 = inclination of the mean equator of date with respect to the 
mean equator of 1950.0 

= time between epoch 1900 Jan 0.5 and epoch 1950.0 
t = time between epoch 1950.0 and epoch of observation 
tp, t in units of tropical centuries of 36524.21988 ephemeris days 


11. D. 1.1 

II. D. 1.2 
II. D. 1.3 
II. D. 1.4 
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1900 Jan 0.5 = Julian date 24l 5020.0 
1950.0 = Julian date 2*3 3282. *23 

The ESTIH program uses the coefficients given above. As implemented in 
the programs VLB I 3 and CALC, the coefficients are reduced to epoch 
1950.0 as follows (Ash 1972): 

i Q « 2 304 *.*948 t + o’.’302 t 2 + 0?179 t 3 

z - 23047948 t + 1?093. t 2 + 0’.’0192 t 3 
0 « 20047255 t - 07426 t 2 - 070416 t 3 

The precession matrix is computed differently in the three programs. 

In ESTIH the time argument is UTC at the start of an observation. In 
VLBI3 the individual elements of the product rotation matrix 


II. D. 1.5 
II. 0. 1 .6 
II. D. 1.7 


COS ip cos 0 cos z 
- sin Cp sin z 


-sin Cp cos 0 cos z 
~ cos Cp sin z 


-sin e cos z 


cos ip cos © COS 2 
+ sin ip cos z 


-sin ip ccs 9 sin z 
+ cos ip cos z 


-sin Q sin z 



II. D. 1.8 


are calculated using CT as the time argument. In CALC the individual 
rotation matrices are calculated using CT and then multiplied. 
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The partial derivative of the precession matrix with respect to 
the precession constant is derived from the following expressions 
(Lieske 1967). 

: - 12304 "948 ♦ v<*« cos c Q - h 0 co * t 0 0 >,t 

0 " II. D. 1.9 

♦ 0?302 t* * 0?0I 79 t 3 

z - (23047948 ♦ \ (h cos c Q - h 0 cos * : 00 >l t II.D.1.10 

♦ 1?093 t : ♦ 0 To 192 t 3 

0 » (2004 ?255 + (hsin£ fl - II. D. 1.1 

- 0?426 t 2 - 0?416 t 3 


t = time between epoch 1950.0 and epoch of observation 
in units of tropical centuries 

h^ = nominal value of the precession constant at epoch 1950.0 
= 5026.75* per century 

e . A = nominal value of the mean obliquity of the ecliptic 

v\ 

at epoch 1950.0 
s 23 deg 26* 44. 84" 
h = actual precession constant 
e^ = actual mean obliquity 

v 


'^O >2 t 

.*h .»h 2 0 11.0.1.12 


>0 


t 


sin t 


0 


11.0.1. 13 


VLBI3 calculates the partial derivative of the precession matrix with 
respect to the precession constant term by term. CALC calculates the 
partial derivative of each rotation matrix with respect to the 
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appropriate matrix multiplications. ESTIM does not calculate a partial 
derivative matrix. 

2. Mutation 

The nutation matrix ■ transforms from the coordinate system 
defined by the "true" equator and equinox of date to the system defined 
by the mean equator and equinox of date. The astronomical nutation 
series computed by Woolard 0953) assumes a rigid earth, in which case 
the spin axis and the angular momentia vector point in almost the sane 
direction . The departure is never more than 0.0007" or 2 cm at the 
surface. For a deformable earth McClure (1973) calculates that the 
departure may be as much as 21 cr. External torques strictly speaking 
affect the motion of the angular momentum vector rather than the spin 
axis if the two differ. Woolard calculates the effect of both the 
Eulerian and limi-solar diurnal separation between the angular momentum 
and spin axes but drops the terms in preparing the final nutation 
tables. Hence, to be more correct, the conventional "true"* equator 
should be described as the equator perpendicular to the slowly moving 
(with respect to the earth's surface) angular momentum vector. N is 
given by (Mueller 1969) 

N - R x (-e 0 )R z (A*)R x (e 0 + Ac) II. D. 2.1 

where 

c « mean obliquity of date 
0 

- 84428726 - 467845 t - <>70059 t 2 - 0700181 t 3 II.D.2.2 
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Ac • rotation in obliquity 
At - nutation in longitude 

+■ Ac • true obliquity of date 

t in units of Julian centuries of 36525 days since 1900 Jan 0.5 

There are 69 terns in Woolard's series for A$ and *0 terms for a«. For 
convenience the values are tabulated as functions of CT on the PEP 
epheaeris tape used by CALC and VLBI3 and are interpolated to the CT 
epoch of observation. CALC uses the three rotation matrices to coapute 
the coaplete nutation aatrix. ESTIM also uses the three aatrices but 
coaputes only the two largest terms in Woolard's series. VLBI3 uses 
the following first order approximation for N: 

( 1 A< cos c 

-Av cos e 1 

-A* s in t -A; 

The nutation constant (9.210") is the largest term in Woolard's 
series for the nutation in obliquity (ESAENA 1961). 

Ac (■>”'!>' * 0’.\\V'<L l) cosi' ... II.D.2.9 

w = longitude of the mean ascending node of the lunar orbit 
on the ecliptic measured from the mean equinox of date 
*- 239® 10' 59'.’79 - 5 rotation* 134® 8' 31 '.*2 3 t II. P.2. 5 

+ 7 Ws t‘ + 0V0080 t 1 



II. D . 2 


t = time from 1900 Jan 0.S in units of Julian centuries of 



36525 days 


The partial derivative of the nutation aatrix with respect to the 
nutation constant is 

to 

I 0 

\ 0 

where e - -*■ Ac. 

currently implemented . 

3- Diurnal rotation 

The diurnal rotation matrix S conventionally rotates from the 
terrestrial coordinate system aligned with the x-axis in the Greenwich 
meridian and the z-axis along the spin ax*s to the instantaneous 
celestial system defined by the x-axis aligned with the true equinox of 
date. If the spin axis and the angular momentum axis are collinear, 
the rotation involved is purely about the single z-axis. In the more 
precise model where the two vectors are not collinear, the rotation is 
about the spin axis. An additional rotational angle must be included 
to account for the difference between the coordinate system defined by 
the instantaneous spin axis and the system defined by the angular 
moaentin vector (which defines the conventional true of date equator). 
For convenience and clarity, this additional rotation is included in 
the diurnal polar motion matrix and is discussed in section II. D. 4. 


0 

-sin e 
-cos c 


0 \ 


II.D.2.6 


cos e 


-sin e 


cos £ 


The nutation partial derivative is not 
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the diurnal rotation Matrix S is given by (ESAENA 1961 ) 


S « R^-GAST) II. D. 3-1 

where 

CAST = Greenwich apparent sidereal tiwe 

= Greenwich Mean sidereal tine at Ohr UT II.D.3.2 

+ U . UT1 + A* cos e 
d 

GMST = 6 hr 38 min *5.836 sec ♦ 86401 84. 5*2 sec t ♦ 0.0929 sec t 2 
= 1.00273 79092 65 ♦ 0.589-10 t (sidereal sec per UT sec) II. 

t = time since 1900 Jan 0.5 in units of Julian centuries 

UT1 = UTC - (UTC - UT1 ) II. D. 3-5 

A# ■ nutation in longitude 
c - true obliquity of date 

= aean obliquity of data ♦ nutation in obliquity 
= e 0 + Ae 

GMST and Wd are calculated with 0 hr UTC as the time argument. In 
VLBI3 UTC - UT1 is calculated through a series of differences: 

A1 - UTC, TAI - A1, and TAI - UT1. TAI is International Atomic Time 
coordinated by the BIH. A1 - UTC is now a stepwise function which is 
changed periodically by 1 second as UTC is adjusted to stay with 
0.9 sec of UT1 . TAI - A1 is fixed at -0.3*39 sec. TAI - UT1 is 
interpolated to the epoch of observation from five day tabular values 
distributed as circular D of the BIH. CALC uses the difference 


II.D-3-3 

.3.4 
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UTC - UT 1 interpolated fro* circular D. ESTIM ignores the UTC - UT1 
offset in the observation geometry. At cost is the equation of the 
equinoxes and represents the difference between mean and apparent 
sidereal tine. At is tabulated on the PEP ephemeris tape used by VLB 3 
and CALC. ESTIM uses a truncated time series for At in which only the 
largest tera appears (ESa&ftA 1961): 

A* - -(17V2327 - '.'01737 t)sin>l II.D. 3.6 

t = tiae since 1900 Jan 0.5 in units of Julian centuries 

The partial derivative of the diurnal rotation matrix with 
respect to the UTC - UT1 offset is given by 

-sin(GAST) cos (-GAST) 

-cos (CAST) -sin (-CAST) 

0 0 

4. Diurnal polar motion 

The diurnal polar motion matrix D transfoims from the coordinate 
system defined by the slowly moving conventional spin poll to the 
system aligned with the instantaneous angular momentum pole. Two 
separate types of rotations are necessary. Rotations about the x-axis 
and y-axis translate the coordinate system z-axis from the slowly 
moving spin pole to the instantaneous angular momentum pole. A 
rotation about the z-axis corrects for the angular separation between 
the instantaneous spin pole and the instantaneous angular momentum 



0 \ II.D.3.7 
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pole. Following the derivation shown in section III.C, D is given by 


D - R z (-6pcosc)R x (-(H y 4-y E ))R y (H x + x E ) 


1I.D.H.1 


where 


&♦ - distance along the wean ecliptic of date froa the equator 
noraal to the instantaneous angular momentum vector 
to the equator noraal to the instantaneous spin axis 
c s angle between the aean ecliptic of date and the 

equator noraal to the instantaneous angular aoaentua vector 
= conventional true obliquity of date 
H y = position of the instantaneous angular aoaentua pole 
with respect to the slowly varying spin pole 




slowly aoving spin pole position 


slowly aoving spin pole position 


II.D.4.2 

II.D.4.3 


C = largest principal moment of inertia 
= 8.040+44 ga-em 2 

A = smaller principal moment of inertia 
= 8.013+44 ga-cm c 
k = tidal effective Love number 
= 0.29 

k = secular Love number 


= 0.937 


It should be noted that the conventional spin pole position is reported 
in a left-handed coordinate system by the BIH and that all the above 
expressions apply to a right-handed coordinate system. Therefore 
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y(slowly varying) = - y(BIH) . 


The seven largest of the 135 terms in the time series for H and 
6\Sr calculated by McClure (1973) are listed ir table II. 1. The error in 

neglecting the remainder of the terms is at most 0.0006". The sine 

series for H gives the x-component. The cosine series gives the 
y-component. St sine is computed from a sine series. The astronomical 

arguments for the series are the same as for H except that the P 

argument of Greenwich mean sidereal time is dropped. CALC computes the 
diurnal polar motion matrix D given above. ESTIM ignores diurnal polar 
motion in computing the observation geometry. VLBI3 calculates the 
quantities H and cose and adjusts the conventional wobble values and 
apparent sidereal time. 


WOBX _ . » WOBX + 

corrected 

< H » + V 

11,0.4.4 

WOBY „ * WOBY - 

(H + y ) 

II.D.4.5 

corrected 

y E 

GAST , = GAST + 

corrected 

<S4> cos e 

II.D.4.6 


The negative sign in WOBY is required by the left-handed BIH system. 

The diurnal polar motion scaling parameter is a multiplicative 
factor scaling the diurnal polar motion rotation matrix. It is 
discussed further in section III.C. The partial derivative of the 
diurnal polar motion matrix with respect to the scaling factor is, to 
first order, 
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Table II. 1 Diurnal angular aoaentun polar notion coefficients 


Tidal argunent 

Coefficients of 

Coefficient 

Coefficient for 

code nuaber 

P 

1 

1* 

F 

D 0 

for H 

bit sins 

135.655 

1 ■ 

-1 

0 

-2 

0 -2 

-.0009149 

.00038502 

145.545 

1 

0 

0 

-2 

0 -1 

-.0008659 

.00041647 

145.555 

1 

0 

0 

-2 

0 -2 

-.0045924 

.00201046 

163.555 

1 

0 

0 

-2 

2 -2 

-.0019980 

.00093797 

165.555 

1 

0 

0 

0 

0 0 

.0019037 

-.00086146 

165.555 

1 

0 

0 

0 

0 0 

.0040934 

-.00185233 

165.565 

1 

0 

0 

0 

0 -1 

.0008113 

-.00042084 

P = Greenwich 

mean 

sidereal 

tine 




1 = 296.10460 8 ♦ 13-06499 24465 d -*• .00068 90 D2 ♦ .00000 0295 D3 deg 
1‘ = 358.47583 3 ♦ .98560 02669 d - .00001 12 D2 - .00000 0068 D3 deg 
F = 11.25088 9 ♦ 13.22935 04490 d - .00024 07 D2 - .0000^0 0007 D3 deg 
D = 350.73748 6 ♦ 12.19074 91914 d - .00010 76 D2 + .00000 0039 D3 deg 
0 = 259.18327 5 - .05295 39222 d ♦ .00015 5 D2 «■ .00000 0046 D3 deg 

d = days since 1900 Jan 0.5 
D = units of 10000 davs since 1900 Jan 0.5 

D2 = D 2 
D3 = D" 
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/ 0 


-(5ij> cos e 


-<“* ♦ X E> 


II. D. 4.7 


6ii» cos e 


*x + X E 


0 

H + y 


-(H +y_) 

v - E 


CALC computes the partial derivative by dividing all the terms of D by 
the scaling parameter and setting the diagonal terms to zero. ESTIM 
and VLBI3 calculate the first order derivative matrix directly. 


5. Polar motion 


The polar motion matrix W transforms from the CIO terrestrial 
system to the system with the z-axis aligned with the slowly moving 
spin pole. W is given by 

W = R (-v )R (x ) II. D. 5. 1 

x s y s 

where x and y are the angular displacements of the spin axis from the 
s s 

CIO pole as measured in the right-handed geographic coordinate system. 
The values are interpolated from the five day tabular points contained 
in the BIH circular D. Since the BIH uses a left-handed coordinate 
system for x(BIH) and y(BIH), the sign of the y-component must be 
changed. CALC forms the matrix 

W “ R x (+y BIH )R y (+X BIH ) H.D.5.2 

VLBI3 uses the first order approximation: 
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1 


0 


II.D.5.3 



ESTIM ignores polar motion in calculating the observation geometry. 


The partial derivative of the polar motion matrix with respect tc 

3R (x„ T „) 
y BIH 


the x and y spin pole displacements are R (y 'i 

3 VW 


9x, 


and 


BIH 


^ Ry( x B ih' * respectively. CALC uses the product matrices to 

BIH 

calculate the partial derivatives. ESTIM and VLBI3 use first order 
approximations: 


9W 


3x 


BIH 


0 

0 

0 


9W 

9x 

s 


II. D 5.1* 


9W 


3y 


BIH 



9W 


IT.D.5.5 


6. The time derivative of the coordinate transformations 

The time derivative of the complete rotation matrix from 
terrestrial to the fundamental 1950.0 VLBI coordinate system is 
approximated by ignoring all time variations except for diurnal 
rotation about the spin axis. 
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II. D. 6.1 


S 


M-cast) 


d CAST 
dCT 


R^(-GAST) 



cos (-GAST) 
-sin (-CAST) 
0 


II.D.6.2 


CALC computes dCGASTJ/dCT by 


dCAST 

dCT 


dUTl dAT + dAv cos _ 
w d dAT dCT dCT 


sin e 


de 

dCT 


W. = diurnal rotation rate 
d 


II.D.6.3 


and are coaputed by numerical differentiation of the tabulated 
dAT da 


quantities. 


is calculated froa the time series for 

dCT 


is unity, where t is the -conventional tiae arguaent. 

dCT 


e assuming 


dAT 

dCT 


is 


coaputed by differentiating the expression for CT. 


VLBI3 uses the expression 


dCAST w, u d(UTC - UT1) dA» cos c 
~dcT d d dCT dCT 


where 


d(UTC-UTl) 

dCT 


is found by nuaerical differentiation. 


ESTIH uses 


dCAST , 
dCT d 


E Perturbations of the observation geoaetry 


The effects whic perturb the simple geometric model are solid 
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earth tides, antenna structure, deflection caused by solar gravitation, 
and ocean loading. 

1. Solid earth tides 


The solid earth tides resulting f ram the lunar and solar tidal 
potentials acdulatc the positions of the VLBI observing stations. The 
topocent^ic tidal displacement is given by (Melchior 1966) 


At 


(.U r At 2 , At j) 


( 


H 




g t * g cos $ ? X 


L 

R 



II. E. t. 1 


where t^, and t . are linear displacements in the radial, eastward, 
and northward directions, H and L are the two Love numbers, \ is the 
site east longitude, and * is the site geodetic latitude, g is the 
surface acceleration of gravity and is the tidal potential. 


The exact expression for Ut is given by 


U 

t 


where 


r 




11. E. 


P •- distance from the site to the disturbing body 
R = vector from the earth's center to the disturbing body 
r = norm of R 

A = vector from the earth's center to the site 
G = gravitational constant. 

M = mass of the disturb ; ng body 





This expression includes implicitly all tidal harmonics and is used 
directly in the CALC program with the geocentric lunar and solar 
positions interpolated from the PGP ephemeris tape. The conventional 
development of the tidal potential explicitly separates the second 
degree and third degree harmonics, which are reduced by a factor of 60. 
Separate Love numbers are applied to each degree of harmonics. Since 
the tides of different harmonics have differing spatial 
characteristics, they are affected by different aspects of the earth’s 
structure. The Love numbers which scale the tide are therefore also 
different. Application of the second order Love numbers to the exact 
expression, as is done in CALC, leads to a theoretical error which is 
of negligible practical importance. However, Love numbers estimated 
from this expression are consequently not strictly comparable to other 
data. 


The partial derivatives of the tidal potential with respect to 
latitude and longitude necessary for calculating the horizontal 
displacements are given by 


au 

t 

3(*,X) 



II. E. 1.3 


P s vector from the site to the disturbing body 
= R - A 


In the terrestrial coordinate system the cartesian coordinates of the 


- 54 - 



site are given by 


<C 1* c 2* C 3 ) ” A II. E. 1.4 

" U> + h)cos 4 cos l, (1 + h)cos 4 ^in X , (M[ I - ] + h)sin 4 } 

where 

N = radius of curvature in the priae vertical 
’ 2 - 1/2 

- R (l-e~sin 4) ' II. E. 1.5 

e 

R^ * equatorial radius of the earth = 6378.145 kn 

2 - ' 
e « square of the ellipsoid eccentricity = 6.716912701 x 10 

h = site height above the ellipsoid 


Then, 


3(c 


1 


* c 2 ,c 3 ) 




(-c cos 1, -c.sinl, R cos $ ) 

-> i e 

ignoring second order terns 


II. E. 1.6 


3(c 1 .c,.c ) 

ax 


(-c v Cj. 0) 


II. E. 1.7 


are the necessary derivatives of A with respect to latitude and east 
longitude. The tidal displacenents can be transformed froo the 
topccentric to the terrestrial c«. rdinate system by 


(Acp Ac,. Ac^) 


R 3 ! (-X)R y (^)(At 1 . At,, Atj) 


II. E. 1.8 


and to the 1950.0 VLBI reference frame by 
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(Ax, Ay, At) - PHSWKACj^ Ac 2> Ac-j) 


II. E. 1.9 


The tidal displaceaents at the epoch of observation are added to the 
fixed site coordinates to give the instantaneous site coordinates in 
the fundamental VLBI coordinate system. 


The additional site velocity due to tidal distortions is given by 


( 3U , 30 \ 
H - L t L t 1 

g u t* g cos $ 31 ’ g 3* / 


II.E.1.10 


_ T P-P . R-R-R-A-R-A , 3(R-A)(R-R) “] 

‘7 — 7 7 J 


II. E. 1.11 


3U 


3(4, a) 


Of 


r P . . t p. -j*_ 

»<♦,>) r 3(^1) _ 

3 

l. P 


3 P 


3A 




(P ' P > II. E. 1.12 


R - + R 


3A 


Hijll Ml,*) + 

r 


3 R 


P 

3A 


*(♦.*) 


(R-R) 


The time derivative of the vector from the earth's center to the site 
is found by 

A - PHSDM( Cl , c 2 , Cj ) II. E. 1.13 

while the lunar and solar time derivatives are interpolated from the 
PEP ephemeris tape. 


The earth tide model used in ESTIM and VLBI 3 is based on the 
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harmonic expansion of the tidal potential of Melchior 0966). Only the 
eleven largest terms are used. 


U £ “ Klcos^ta^ cos(2H t + p^) + a 2 cos(2H fc - ti+w + p 2 > II.E.1.19 

♦ a, cos(2H + p.) + a cos(2[S+X] + p )) 
j s j ** 

+ sin 2* (a_ cos (S + X + p ) + a cos (H - u + p, ) 
j solo 

+ a^ cos (H s - o + p ? ) } 

sin 2 * - {a g + a 9 cos (;j - w) + a 10 cos 2u 
+ a^ sin 2o}) 

where 

K = 26.7 cm 

at = 0.908 pt = 0 

a2 = 0.179 p2 = 0 

a 3 = 0.923 p3 = 0 

a9 = 0.115 p9 = 0 

a5 = 0.531 p5 = -90 deg 

a6 = 0.377 p6 = -*-90 deg 

a7 = 0.176 p7 = +90 deg 

a7 = 0.739 

a9 = 0.083 

a 10= 0. 156 

alls 0.073 

S = Greenwich sidereal time 
H ; * lunar hour angle = S - u + X 

■ solar hour angle = S - o + \ 


II. E. 1. 15 
II. E. 1. 16 
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X - site east longitude 
u m mean longitude of the soon 

= ft .7 19967 ♦ 8399.709 t (radians) II.E.1.17 

o - mean longitude of the sun 

= 4.881628 ♦ 628.3319 t (radians) II.E.1.18 

w = longitude of the lunar perigee 

= 5.835152 ♦ 71.01803 t (radians) II.E.1.19 

t = time in Julian centuries since 1900 Jan 0.5 

The values of the Love nuabers H and L used in VLBI3 are 0.584 
and 0.045, respectively (Melchior 1966, p. 300). CALC uses Love 
nuabers derived by Dahlen (1976) froa seisaic earth aodels: 0.60967 for 
H and 0.085 for L. ESTIM does not correct the geoaetry for solid earth 
tides. 


Since the Love numbers are simply scaling factors for the tidal 
displaceaents, the partial derivatives in the topocentric system are 
simple. 


3At 

3H 

9Ac 

3L 



II. E. 1.20 


II. E. 1.21 


The partial derivatives of the delay observable with respect to the 
Love numbers is then 
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II. E. 1.22 


ll 

3H 


8t 

3L 


-(mSDH)» z (-A)R y U) 

-(PHSDW)R z (-X)R y (#) 


/At (1)- At. (2) \ 

V H •°-°j * S 

/ At (1)- At (2) At. (I) - At. (2) \ 

(°» — - — ^ - J 


II. E. t .23 
•S 


where (1) and (2) refer to station 1 and station 2 of an 
interferometer . 

2. Antenna structure 

The actual geometry of observation depends on the type of mount used by 
an antenna. Since the reference point defined to be the sation 
location, i.e., the intersection of the telescope pointing .axes 
(figure 1.3) , does not coincide with the point at which a time is 
associated with a received signal, i.e., at the feed horn where the 
phase calibrator is injected, there is a receiving tine offset. The 
offset depends on the difference in signal travel time along two paths, 
one directly from the source to the reference point (the direct path), 
the other reflected (perhaps several times) from tne dish surface to 
the feed horn. As the telescope points in various directions and is 
subject to different static loading, wind, and thermal distortions, the 
shape of the reflecting surface and the exact position of the feed in 
tie ray path will change. The change in ray path is rather difficult 
to model but should not be more than a few centimeters. If the 
physical dish geometry is assumed to be completely rigid, the effect of 
different mounting systems can be simply modeled. If the pointing axes 
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o' the telescope intersect, the path length difference between the 
direct path and the reflected path will be independent of source 
position and will be indistinguishable from a clock offset. If the 
axes do not intersect (figure I.M), the reference point is defined to 
be the intersection of the fixed axis with the plane perpendicular to 
the fixed axis containing the aoving axis. There will then be a 
varying distance along the direct path given by AA = D sin(6) where D 
is the axis offset and 8 is the angle Detween the source and the fixed 
axis. 


There are four coaaonly used axis configurations. In a 
topocentric (radial, eastward, northward) coordinate systea, the fixed 
axis direction is given by F = 


equatorial ( 
az-el ( 
x-y pointing north ( 
x-y pointing east ( 


sin$ , 0, cos4> ) 
1 , 0 , 0 ) 

0 , 0 , 1 ) 

0 , 1 , 0 ) 


II. E. 2.1 
II.E.2.2 
II.E.2.3 
1I.E.2.M 


where p is the latitude of the telescope. The geometrical topocentric 
source unit vector is given by 


- 1 , 


S t - [PNSDW R Z (-X)R (♦)] A S 195()>0 


(S tl’ S t2’ S t3 } 


II.E.2.5 


Since tk?" actual pointing direction is required, the geometric zenith 
angle must be corrected for refraction (Smart 1965). 
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II. E. 2.6 


z * geometrical smith angle 
- 1 - ■ 1 “' 1 s ti 


* c refracted smith angle 


« s ♦ 2.826172873-8 tans 


II.E.2.7 


- 3.23855539-7 tans 


(radians) 


Then 


S s topocentric unit vector to the refracted source position 

- (cos z .sins sin a, sin z cos a) XI.E.2.8 

c c c 


where a is the source aziauth angle. The additional path length along 
the direct path is given by 


A A ” D sin {cos ^(F-S^) } 


dS. 


-DF 


tr 


AA - 


dt 


tan {cos 1 ( F * s tr )) 


1I.E.2.9 
II. E. 2. 10 


D s axis offset 

Then the effects on the delay and delay rate are 

At . AA 

c 

A i « AA(2) = _kjl± 


II. E. 2. 11 


II. E. 2. 12 
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where (2) and (1) refer to station 2 and station 1 of an 
interferometer. CALC uses the full algorithm given above. VLBI3 
handles the equatorial and ax-el cases only using specialised 
algorithms. ESTIM does not apply an axis offset correction to the 
geometry and neglects the refraction correction in calculating the 
partial derivative. 

Since the axis offset acts as a scaling factor for the path 
length change, the partial derivatives of the delay and d*>lay rate with 
respect to the axis offset at each site are 

3x /. / . AA II. B. 2. 13 

3D * cD 

d* » (+ / \ ^ 

3D W ’ cD II.E.2.1* 

♦ for station 2 

• for station 1 

3. Relativistic gravitational deflection 

The gravitational potential of sun bends the path taken by 
signals coning from the source and consequently causes an apparent 
change in position. An expression is given by Shapiro (1967). 

C - difference in angle of arrival 
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II.B.3.1 


r . e 

• <1 + Y) — 2 

where 

Y * bending parameter 

* t for Einstein 

r s gravitational radius of the sun 
8 

* 1.4766252+3 ■ 

r s heliocentric observer distanoe 
© 

9 * source - sun - observer angle 


The correction applied to the source position by CALC is 


AS 


(1 + Y) ^ tan | [S* (S»R g )] 

e 

IS* (S*R s )| 


where 

P * v - cos -1 (S*R ) 

8 7 

S s source position unit vector 

R s = geocentric sun position unit vector 


II.E.3.2 


II.E.3.3 


S *(S * R ) 

-t r defines a unit vector in the plane containing the source 

|S*(S*Rg)| 

and sun vectors perpendicular to the source vector and pointing away 


froa the sun. The effect on the delay and delay rate is 


At - 


II.E.3.4 


At 


-B » AS 
c 


II. E. 3.5 


where B is the baseline vector. 


- 63 - 



The partial derivatives of delay and rate with respect to the 
deflection parameter are the effects divided by 1 ♦ y. 

4. Ocean loading 

The algorithm for ocean loading is not yet implemented . 

For the 01 and M2 ocean tides, the aaplitude of ocean loading 
displacement and phase lag relative to the corresponding solid earth 
tides can be calculated for a specific site using the methods of 
Farrell (1970). Two assumptions must be made to extend these results 
to other tidal components. First, the response of the earth is assumed 
to be identical for all tidal components in a given frequency band, 
either diurnal or semidiurnal. Second, the ocean tide components other 
than 01 and M2 are assumed to scale as the corresponding solid earth 
tides. With these two assumptions the ocean loading displacement for a 
given site and epoch can be calculated. For each frequency band the 
effect of other (not 01 or M2) tidal components is found by scaling the 
amplitudes relative to either 01 or M2 by the corresponding solid earth 
tide amplitudes. The phase lag is assumed to be the same as for 01 or 
M2, depending on the frequency band. With the scaled amplitude and 
calculated phase lag, the displacement effect for a given site and 
epoch for each tidal component can be computed from the corresponding 
solid earth tide component. The total ocean loading displacement at a 
particular site and epoch is found by summing the effects from th* 
individual tidal components. 
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F. Propagation medium models 

There are two models which are directly related to the signal 
delay caused by the propagation medium, the atmosphere and ionosphere 
models. The effect of the corona is modeled somewhat differently. 

1 . Atmosphere 

The atmosphere contributes two components to the refractivity and 
hence to propagation delay: a dry term from the displacement 
polarization of all the air molecules and a wet term from the diople 
moment of the water molecules. The additional path length arising from 
the dry term is strictly proportional to the surface pressure (Moran 
1976). 

L , = 77.6 R/gm P n (cm) II. F. 1.1 

a u 

where 

R = universal gas constant = 8 . 31^+7 erg/mole 
g = local acceleration of gravity (cm/sec ) 
m = molecular weight of dry air = 23.'j66 
Pq s dry component pressure millibars 

= total pressure - partial pressure of water vapor 

The wet term path length depends on the integrated water vapor 
content along the line of Sight. Since the water vapor is not well 
nixed i. the atmosphere, this contribution is difficult to estimate 
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from surface data. Studies done with microwave radiometers measuring 
the brightness temperatures at 19 GHz and 22 GHz indicate that the wet 
tern path length can be measured to 0. * cm (Horan 1976). The magnitude 
is approximately Kt to 15f of the dry component. 


A modifier! cosecant law is used in both CALC and VLB 1 3 to scale 
the zenith path length to other elevation angles. 

L 

L * - 7 0.00143 II. F. 1.2 

Sln tan0 + O.OC45 

where 

* zenivh path length 
= v -sec nominal 
0 = elevation angle 

= sin II. F. 1.3 

S t = tnpocentric source un.L vector 


Th constants are best fit values from ray tracing through a standard 
atmosphere (Che 1970). 

L 

ES*:* use' a simple cosecant law: L * 

The time derivative of the ctmos^here delay is 


t. 



L 

z 


L' 


cos 6 - 


( (tan £ 


■ C7^43 
*• .0445)cos 



II. F. 1.4 


-ht- 



II. F. 1.5 


cos 0 

Then tbs effects on delay and delay rate are 


II. F. 1.6 
II. F. ..7 

where (2) ami (1) refer to station 2 and station 1 of an 
interf eroaeter . 


At 


L(2)-L(i) 


At 


L(2) - L(l) 


Since the ..enith path length is a siapie scaling factor, the 
partial derivative of the observables with respect to the atmosphere 
parameter is the modeled effect on the observable divided by the 
parameter value with the appropriate sign (♦ for station 2, - for 
station 1). 

2 . Ionosphere 

The ionosphere has not been successfully aodeled. While the 
ionosphere path delay say vary by a factor of ten fro* day tc night, 
the total effect at X band is no sore than lOf of the dry atsosphere 
path length. In past analyses of VLBI data part or all of the 
ionosphere has been absorbed into the atsosphere zenith path length 
adjustment. A sod el requiring dual frequency data has been implemented 
but the available data at a second frequency have not oeen good enough 
to be useful. 
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Since the charged particle path length is given by 



k s charged particle scaling factor 
f = observing frequency 


then. 


t, » r ^ , , k 

1 geometric + 

f l 

T 2 T geo«etric + f 2 
*2 


II. P.2. 2 


II.F.2.3 


r^, = observed delays at two frequencies f and 


T 


1 



k - 



II. F. 2.* 
II.F.2.5 


Therefore, 


T 


geometric 



II.F.2.6 
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this mw delay should be Dree or all effects caused by charged 
particles in the line of sight to the observed source. Both 
ionospheric and coronal erfscts should be renewed. 

3. Corona 


The corona is also a propagation median effect. However, it is 
presently treated as a change in the apparent position of the source 
rather than an additional delay. The aodel implemented in CALC and 
TLBI3 is included for completeness but is invariably nut used since 
almost all ¥LBI observations are some distance from the sun. 


AS - 



II. F. 3-1 


where 

AS * change in apparent position 
a, b : parameters of electron density 
f s observing frequency 

I s impact parameter in units of solar radii 

r sin p 
e 

SC - - - — 

s 

p ■- n - cos ^(S*H ) 
s 

S i source position unit vector 

R ■» gtocertric sun position unit vector 
s 


II.F.3.2 


The sign of the correction is positive foi group delay and negative for 
phase delay. 
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C. Derivatives with respect to site and source coordinates 

1. Site coordinate derivatives 

The partial derivatives of the observables with respect to 
cartesian site coordinates are particularly sinple. 


S)-» 

(+/-M1, 0,0) 

**1 

~ - (+/-) ( 0 . 1 , 0 ) 

**2 

(+/-)( 0 , 0 . 1 ) 


ii.g.i.i 


II. C. 1.2 
II. G. 1.3 
II.G.1.4 


II.G.1.5 



the baseline vector. The sign is deternined by whether the site is the 
second or first station of the baseline. This foraulation appears in 
CALC and ESTIM. 


The partial derivatives of the baseline with respect to 
cylindrical coordinates are given by 


SB 

dr 



II. G. 1.6 
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if - tw->vv°i 

U • (0. 0. 1) 


II. C. 1.7 


II.G.t.8 


r * cylindrical radius 
X - (west /east) longitude 
x s polar coordinate 

“ cartesian coordinates 

Tbe cylindrical derivatives are used in VLBI3 with west longitude. 
They also appear in ESTBf using east longitude to maintain a 
right-handed system. 

2. Source position derivatives 


Tbe partial derivatives of the observables with respect to source 
right ascension (alpha) and declination (delt--' are 


3t 

Ho. «) 

at 

3(o. 6) 


-PRSDVB 


as 

3(o, 5) 


-PHSDWB * 


as 

3 ( 0 , 6 ) 


II. G. 2.1 


II.G.2.2 


as 

36 



II.G.2.3 
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H-G.2.4 
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Chapter III 


MEASUREMENT OF DIORRAL POUR MOTION 

The precision of recent interferometric data requires more 
accurate models of small effects in order to extract the most useful 
information. One effect which has not been extensively studied is 
diurnal polar notion. This chapter gives an estimate for magnitude of 
diurnal polar motion and discusses possible interpretations. 

A. Nomenclature of polar motion 

Because the subject of polar notion has suffered from confusing 
usage, a number of terms will be defined and described. Polar notion 
refers to the secular and periodic change in position of a pole with 
respect to the surface of the earth. A pole is a point on the surface 
usually defined by the intersection of an axis or vector with the 
surface. In contrast, astronomical nutation (hereafter simply 
nutation) is the periodic motion of vectors or axes in inertial space, 
in practice with respect tc the "fixed” stars. While nutation and some 
polar motions arise from related causes, the points of view are quite 
different. Polar motion takes place in a rotating terrestrial 
reference frame. Nutation is seen in an inertial celestial reference 
frame. 


There are three axes and four poles of interest. These are shown 
in figure III.l. PG, PF, PS, and PH are points on the surface. The 
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geographic pole PC la an arbitrary point on the surface. By definition 
the geographic pole doea not undergo polar notion. Through general 
acceptance it ia a point determined by the International Latitude 
Service (non the International Polar Notion Service) which was the nean 
spin pole position fro* 1900 to 1905. The spin pole PS is the 
intersection of the surface with the instantaneous spin vector S. The 
terns spin vector and spin axis will be used soaevhat interchangeably, 
the axis being the direction defined by the vector. At any instant, 
the points on the spin axis are stationary. All other points rotate 
about the spin axis with an angular velocity equal to the nagnitude of 
S. The angular aoaentua pole PH is the intersection of the 
instantaneous angular aoaentua vector H with the surface. The angular 
aoaentua axis is likewise the direction of the angular aoaentua vector. 
The angular aoaentua is taken about the barycenter such that 

H » £ f X gy III. A. 1 

where 

r = vector froa the barycenter to a aass element 

a s aass of element 

v = linear velocity of aass eleaent 

The principal axes of a body are the orthogonal directions which define 
a coordinate systea in which the aonent of inertia tensor is diagonal. 
For a oblate spheroid like the earth the aoaent of inertia is equal 
about two axes and larger about the third. The latter axis is called 
the axis of figure F. The intersection of the axis of figure and the 
surface is the pole of figure PF. All axes pass through the 
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barycenter. If otherwise unspecified, the teres axis and pole will 
aean any of the axes or poles described above. 

At any instant a given pole has some displacement free some 
reference pole. The displacement can be expressed in cartesian or 
polar coordinates. The direction of pole displaceaent (or siaply the 
pole direction) is the direction of the displaceaent vector. The 
magnitude of the displaceaent vector will be termed the magnitude of 
polar motion. Magnitude is usually given in angular units but may also 
be expressed in the linear equivalent at the surface. At a later 
instant the pole of interest will have a different displaceaent vector 
from the reference pole. The term direction of polar motion refers to 
the direction of change in displaceaent from one instant to the next. 

Associated with each axis is an equator, the intersection of the 
surface with the plane perpendicular to the axis passing through the 
barycenter. The spin equator corresponds to the conventional 
definition of the true equator of date. The equator normal to the 
angular moaentw axis will be called the dynamical equator. The 
equator of the axis of figure will be called the equator of figure or, 
less rigorously, the terrestrial equator. In the celestial reference 
frame an equator is the intersection of the specified equatorial plane 
with the celestial sphere. 

Polar motion falls into two ranges of periods, approximately one 
day and a year or longer. The matter will be called long period motion 
or wobble. There are two distinguishable components of long period 
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motion, annual and Eulerian. The annual component la related to 
continuous redistribution of aass in meteorological and geophysical 
processes. Eulerian or Chandler notion is the polar notion that occurs 
in the absence of external torques. In the following discussion the 
annual long period notion is ignored. The position of the spin pole 
along the path of long period notion as determined from data spanning 
and averaged over several days will be called the slowly noving pole 
position. In the general literature the unqualified tern polar notion 
neans this notion of the slowly noving pole. 

Diurnal polar notion is the notion of the spin, angular * extent urn, 
or figure pole with periods close to one day. It has been referred to 
as Oppolzer terns and dynanical variation in latitude, the first from 
the earliest nathenatical expression, the latter from a resultant 
effect . 

The latitude of an observatory is the angle between the local 
vertical or normal and an equatorial plane. The astronomic latitude, 
for example, is denned by the plumb line vertical and the spin 
equatorial plane. The declination of a source is the complement of the 
angle between the source and the spin axis as seen in the celestial 
reference frame. Since polar motion reflects a change in the direction 
of an axis with respect to the surface n which the observatory is 
fixed, polar motion usually causes a change in latitude. No latitude 
change occurs when the direction of polar motion is normal to the plane 
containing the old axis and the observatory. Polar motion taken in 
isolation has no direct effect on declination. As long as the spin 
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axis is unchanged in the celestial reference fraae declinations reaain 
the saae. Declinations are, however, changed by nutation. 

B. Causes and effects of diurnal polar notion 


Diurnal polar notion is caused by lunar and solar torques acting 
on the equatorial bu' * of the earth. The change in angular noaentua 
caused by the torques aanifests itself as precession and nutation when 
considered in the inertial celestial reference fraae. In the rotating 
terrestrial reference fraae the change in angular noaentua is seen as 
diurnal polar notion. 


The siaplest case is that of a rigid, rotating, oblate spheroid 
inclined with respect to a perturbing body. Consider a bouy- fixed 
coordinate fraae aligned with the principal axes. Let z be along the 
axis of figure and let x and y fora a right-handed systea. The moment 
of inertia is then 


I 




III.B.1 


where A<C. Suppc t the perturbing body is in the northern 

heaisphere at a position H(r,0,0), where r is the radial distance, 0 is 
the longitude, and 0 is the co-latitude. Suppose also that the 
distance, co-latitude, and mass of the perturbing body and the moments 
of inertia of the spheroid are such that the resulting precession is 
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much slower than the spheroid's rotation. Then both r and 0 are 
essentially constant. 8 changes at a constant rate as the perturbing 
body aoves around (as seen in the rotating body-fixed reference frase). 
The force on the equatorial bulge from the perturbing body giver by 

F - VV III. 8. 2 

where V is the gravitational potential of the spheroid. Since the 
perturbing body is in the northern hemisphere, the force is upward. 

F - Fk III.B.3 

where 

i» j» k = unit v. ■ r.- in the body-fixed system 
The torque is 

L - R x F III.B.U 

» f ». I R 

■ f siu 9 i - f cos 8 j + 0 k 

f - 3 GM (C - A) ~ 
r 

G = gravitational constant 
M = mass of perturbing body 

z = distance of perturbing body above equatorial plane of figure 

6 * u.t 

u> a angular frequency of the perturbing body 
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= -( angular frequency of the spheroid) 


Applying Euler's equations, 

L 1 " ^“l + (1 3 '1.6.5 

L 2 “ I 22 w 2 + (I 11 I 33 )w 3 w 2 

L 3 = I 33“3 + (I 22 * I ll )ta, l u 2 

where 

L. , L^, = components of torque 

= components of angular velocity or spin 
u^,u 2»<»>3 = time derivatives of «,,, “g 

Then, 

f sit* wt * Auj^ + 

-f cos ut * Au^ + (A-C)wjU>^ 

0 * Coj^ + *A - A) u)^d)2 

From eq. III. B. 6c is constant. Differentiating eq. III. B. 6a with 
respect to time. 


III. B. 6a 
III. B. 6b 
III. B. 6c 


fu> cos uit “ Aw^ + (C-Aju^w^ 


= second time derivative of u>j 


From eq. III. B. 6b 

<i)« ■ 7 " [ (C - A)w_w. - f cosut] 
l A 3 1 

t'* 


III.B.7 


III.B.8 
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Substituting J» 2 into III.B.? and rearranging, 

5 i + “1 [“3(^3] • f [^(nr) +w ] coswt m - B - 9 

Eq. III.B. 9 has the fora of an undanped forced harmonic oscillator. 

The equation for w 2 , the y-coaponent of the spin vector, takes the sane 
fora. Consequently, the equations for the x and y-coaponents of the 
spin vector indicate that the spin vector undergoes oscillatory aotion 
about the axis of figure. 

There are two coaponents of this spin polar notion as shown in 
figure III. 2. The saaller forced notion is superiaposed on the larger 
free notion resulting in an epicyclical total polar aotion. The axes 
are shifted to indicate the arbitrary nature of the geographic pole. 

The free Eulerian aotion has a frequency 

“n “ <*>•, III.B. tO 

U J A 

and an amplitude y^ that can only be determined from initial 

0 

conditions. The period is 300 days for the rigid earth where (C-A)/A 
is 0.0033. The direction of polar motion about the pole of figure is 
counterclockwise as viewed from the north. 

The forced diurnal motion has a frequency ui and a spin amplitude 
of 
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Y 


Fig. III. 2 Diurnal polar notion epicycle 



s 




Ill .B. 1 1 


Since (OA)/& « 1 and is essentially equal to w, the amplitude 
reduces to 


S 


Aht 



z 1 



III. B. 12 


The angular magnitude of the spin polar motion is S/u> or approximately 
0.01 arcsec for the rigid earth. The direction of diurnal polar motion 
about the slowly moving pole position is clockwise viewed from the 
north. Since the earth rotates in a counterclockwise direction in 
space when viewed from the north, the direction of the instantaneous 
pole is essentially constant in the space-fixed reference system. 


The direction cosines of the spin vector S with the principal 
axes are 


cos(u), X) 
cos(u). Y) 
cos(u), Z) 



III. B. 13 


where Y is the angular magnitude of the spin polar motion. The 
corresponding direction cosines for the angular momentum vector H are 
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c* s(H, X) 


m.B.m 


cos(H, Y) 
cos(H, Z) 

Because the direction cosines for S and H are different, S and H cannot 
be parallel and are separated by an angle v where 

sinv * sin y cos y (sin^y + cos\) III. B. 15 

A A 

The axis of figure F, S, and H all lie in a plane with the angular 
momentum between the other twc as shown in figure III . 1 . Since both Y 
and u are small, eq. III. B. 15 can be reduced to 



v C - A 
Y “ C 


III .B. 16 


indicating that H is much closer to S than to F. Consequently as PS 
undergoes polar motion, PH also moves but with a slightly different 
magnitude and direction. The H pole direction is the same as the S 
pole direction relative to the pole of figure but different relative to 
the slowly moving Eulerian pole as shown in figure II 1.2. 


The separation between S and H is a direct consequence of the 
separation between S and F. The latter separation is inevitable if an 
external torque is present. However, the observed magnitude of 
separation between S and F depends not on the external perturbing 
bodies but on the initial conditions, which are of a geophysical 
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nature . 


The kinematics of the various motions is illustrated in 
figure III. 3 using Poinsot's construction. A cone fixed in the body is 
centered about F and has a semi-aperture y. A cone fixed in space is 
centered about H with a semi-aperture u. The spin vector lies along 
the line of contact between the cones. Rotational motion of the body 
is characterized by a continuous rolling without slipping of the larger 
body cone around the smaller space cone. With each diurnal rotation 
the line of contact returns to the same point on the space cone but to 
a different point on the body cone, thus reflecting polar motion about 
the pole of figure. 

As an aside it might be pointed out that the angular separation 
between S and H means that there must be diurnal nutation of the spin 
vector, a diurnal change of direction of the spin vector as viewed in 
the inertial reference frame. 

In the absence of an external torque the semi-apertures of the 
rones are constant and only Eulerian polar motion occurs. An external 
torque causes daily modulations AY and .'j resulting in diurnal polar 
motion. In addition the spin vector must move in space as it follows 
the change ir. angular momentum. The kinematics is shown in 
figure III. A. A cont of semi-aperture fixed in the earth at an 
angle > „ from the axis of figure rolls on a space-fixed cone of 
semi-aperture e , where is the obliquity of the ecliptic. The spin 
vector again lies along the line of contact and the small body cone 
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Bakes one revolution in approxiaately a day. 

An expression for diurnal polar notion on a rigid earth can be 
found in tioolard (p. 157-162, 1953). Because the external torque of the 
perturbing bodies depends on their mass, distance, and declination, 
expansions of the lunar and solar epheaerides are necessary for a 
complete developaent of the corresponding diurnal polar notions. 
However, the additional coaplications nay be thought of as caused by 
new fictitious perturbing bodies with characteristic masses, distances, 
declinations, and angular velocities. The principal fictitious bodies 
can be constructed from circular lunar and solar orbits. Ignoring fine 
details, the declinations of the moon and sun are zero twice a month 
and twice a year, respectively. Since the magnitude of diurnal polar 
motion is proportional to the height of the perturbing body above the 
equatorial plane, diurnal polar motion vanishes when the perturbing 
body is on the equator, i.e., semimonthly and semiannually. Consider 
then a space-fixed coordinate system with the z-axis parallel to the 
body-fixed z-axis. There are four fictitious bodies necessary. Two 
bodies B1 and B2 with masses Ml and *12, respectively, are fixed in 
space at and These cause the constant lunar and 

solar torques arising from the obliquity of the ecliptic. The two 
bodies contribute to a single diurnal polar motion with a period of 
exactly one sidereal day. A third body B3 with mass Ml at (r.^,9^,;.^) 
revolves about the space-fixed z-axis with a semimonthly period. 
Whenever 83 = 1 80 deg, the torques of bodies B1 and B3 cancel, causing 
the amplitude of lunar diurnal polar motion to be zero. In the same 
manner B4 with mass h2 revolves about the z-axis at (r 0 , 0 ^, 02 ) with a 
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semiannual period, causing semiannual cancellation of the solar diurnal 
polar motion. Since B3 and B4 revolve slowly compared to the angular 
velocity of the earth, their angular velocities in the earth- fixed 
system are only slightly different from the angular velocities of the 
fixed bodies ( B 1 and B2) so that the periods of their associated polar 
motions are still close to one sidereal day. The net polar motion is 
shown in figure III. 5. The magnitude of diurnal polar motion varies as 
various perturbations interfere. 

The effects described above apply strictly only to a rigid earth. 
A deformable earth behaves in a more complex manner because it distorts 
in response to centrifugal and tidal forces. 

Spin polar motion changes the direction of centrifugal forces 
actii on the mass elements of the earth. The elasticity of the earth 
allows a mass redistribution towards the continuously changing spin 
equator as the structural centripetal force balances the changing 
centrifugal force. The major result is to increase the period of the 
Eulerian motion since the pole of figure is forced to move towards the 
coin pole. 

The effects of tidal forces can be divided into two parts. 

First, the diurnal solid earth tide changes the position of the pole of 
figure. The amplitude of the diurnal tide is maximum when the 
perturbing body is at the limits of its declination. The tide is 
greatest at (+•/-) ^5 deg latitude and has nodal lines at the equator 
and at the meridians 90 deg away from the meridian of the perturbing 
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body. The earth is divided into quadrants by the nousl lines. The 
quadrants directly under and opposite the perturbing body are raised 
while the other two are depressed. The axis of figure therefore tilts 
away from the direction of the perturbing body. As the meridian of the 
perturbing body changes, the pole of figure undergoes a corresponding 
diurnal polar motion relative to the geographic pole. 

Second, the potential field of the earth changes as mass is 
redistributed. The tidal deformation itself and the variations in 
density give rise to a new potential characterized by the Love number 
k. The sum of the original and induced potentials determines the 
external torque. In the terrestrial reference frame the result is to 
reduce the apparent external torque and thus reduce the magnitude of 
the diurnal spin and angular momentum polar motions. 

McClure (1973) and Federov (1958) present analyses of diurnal 
polar motion in a deformable earth. McClure calculates complete series 
for the diurnal polar motion of the spin, angular momentum, and figure 
poles. Using a value of 0.J9 for Love k he finds that the maximum 
magnitude of figure pole motion is bO m. The three poles remain in a 
single plane as shown in figure III. 6. Federov only discusses the 
angular momentum polar motion and derives results similar to McClure's. 

The effect of diurnal polar motion on precise measurements has 
not been discussed extensively in the literature. McCarthy (I97t>), for 
example, assume? Woolard's results when correct ing his data. Atkinson 
(1975) and Jeffreys (Idpil point out that astronomers invariably assume 




Fig. III. 6 Diurnal polar motion in a ieformable earth 
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that stars rotate about "the" spin axis during a night. The 
traditional celestial coordinate system is based on this belief. 
However, conventional astronomical angular observations, particularly 
fundamental observations, are done in a purely topocentric coordinate 
system oriented by local vertical and a fixed azimuth. The position of 
the spin axis in the celestial frame cannot be measured by a single 
observation but must be inferred, usually from zenith angles. The 
zenith angle of a star is definitely affected by polar motion. 

Atkinson indicates that diurnal polar motion will cause a systematic 
bias in fundamental declination observations. Jeffreys states that in 
the half day required to measure upper and lower transit diurnal polar 
motion may be as much as the standard error in the solutions and more 
than the error tolerated in the calculation of the celestial spin axis 
position. 

The proper approach for handling the subtleties of diurnal polar 
motion, especially in a deformable earth, is the subject of some 
debate. Most workers undoubtedly ignore the effect and adhere to the 
conventional spin axis in thought arjd deed. Atkinson (1973) gives 
corrections to the coefficients of Woolard's nutation series to adjust 
observations to the pole of figure instead of the spin pole. Jeffreys 
also favors using the axis of figure. The primary objection to this 
method, at least as stated by these authors, is that the pole of figure 
is not a fixed point on the surface but moves considerably under tidal 
distortions. If what they mean by pole of figure is the geographic 
pole the case is perhaps more secure. However, the geographic pole is 
now entirely arbitrary and has no physical relationship to the 
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celestial position of any axis of interest. Federov prefers the 


angular momentum vector and its pole for theoretical correctness and 
simplicity. External torques apply directly to changes in the angular 
momentum vector. He points out that a redefinition of declination 
related to the dynamical equator is necessary for complete consistency. 
McClure takes an eclectic view and gives a number of approaches 
involving the spin, angular momentum, and figure poles. 

The important point is that the purpose of all precession, 
nutation, polar motion, and diurnal rotation t ransformat ions is to 
relate the geographic coordinate system aligned with the geographic 
pole to a celestial coordinate system whose orientation is fixed at 
some epoch. The connection between the two systems takes place where 
an axis or vector intersects the earth's surface at its corresponding 
pole. In the celestial reference frame the vector may have a 
complicated motion caused by precession and nutation. In the 
terrestrial reference frame the pole may migrate almost haphazardly. 

As long as the celestial and terrestrial motions can be separately 
measured or modeled the choice of spin, angular momentum or figure is 
immaterial. The choice of angular momentum for the analysis of VLBI 
data is discussed in the next section. 

C. Implementation of diurnal polar motion 

McClure's model of diurnal polar motion is used for two reasons. 
First, it is more comprehensive than Federov's model. McClure gives a 
complete tidal component expansion and considers the behavior of all 
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three poles. He also Includes the effect of the separation between the 
spin vector and the angular momentum vector. Second, the algorithm was 
available for computer application, albeit in a faulty form. 

One of McClure's transformations from the celestial frame to the 
geographic system is 


terrestria’ 


y-l>V-2> B y (- S + *l) B , (I - *2) 

RECAST + 4 l rD COSt KD ) 

of epoch 


III -C. 1 


where 

R , R , R = rotation matrices about the r'spective axes 
x y z 

a , , * x and y coordinates of the instantaneous spin pole in 

a rignt-handed terrestrial coordinate system 

H i H ? 

_± — — = x and y coordinates of the instantaneous angular 
ttl ’ G1 

momentum pole in the same system 

* distance along the mean ecliptic of date from the equator 
?D 

normal to the instantaneous angular momentum vector 

to the equator normal to the instantaneous spin axis 

1. = angle between the mean ecliptic of date and the 

equator normal to the instantaneous angular momentum vector 

iijf = distance along the mean ecliptic of date from the mean 
HD 

equator of date to the equator normal to the instantaneous 
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nngular momentum vector 
t ^ * aean ooliquity of date 
z, 8, = precessional angles 

The arcs and equators in the celestial frame are shown in figure 111.7. 


This set of rotations transforms in stages from the geographic 
pole to the spin pole 




IU.C.2 


then from the spin pole to the angular momentum pole 




III.C.3 


The angular momentum pole is associated with the angular momentum 
vector in space. Then, 


R (HAST + H rD cos > Hr > 


II1.C.H 


aligns the x-axis with the true vernal equinox of date and 


V-m-’V-'WV'o' 


III.C.* 


accounts for nutation. Finally, precession is represented by 


R t (-z)R v ie)R z v-c 0 ) 


I i 1 . C . 6 
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Pig. 111.7 Equ/itors aroa raiavar.t to liurn*! polar aotlon 



There are several reasons for using this particular 
transformation. First, by relatively simple modifications the actual 
irregular moiion of tuc 3loviy moving pole can be included. Second, 
angular momentum is more closely related to the dynamics of the earth 
than is spin or the axis of figure. Angular momentum is not affected 
by diurnal nutation. Third, Woolard's nutation series can be used. 
Uoolard integrates Poisson's equations to find the motion of the 
angular momentum vector. He then calculates corrections to be added in 
order to reach the positions of the spin axis and the axis of figure. 
McClure points out that the spin axis corrections are lost in rounding 
in Woolard's table 26, which is the standard nutation series 
coefficients. Consequently, the coefficients apply more properly to 
the position of the angular momentum vector than to that of the spin 
axis. Likewise the conventional true equator of date is more properly 
called the dynamical equator. 

The transformation from geographic to spin pole can be divided 
into diurnal and long period (LP) parts. 

R y (- “l )R x (B 2 ) = R y ( ~“l Eulerian > R x (B 2 Eulerlan ) I1I.C.7 

R y ^ B 1 diurnal^ R x^ B 2 diurnal^ 

where r (-m ) R (m . ) moves from the geographic pole to 

v 1 Eulerian x 2 Eulenan 

the slowly moving pole position. 

The transformation from the spin pole to the the angular momentum 
pole can also be divided into a diurnal part and a slowly varying 
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Eulerian part. The diurnal transformation can be written 

R y (-Hl d + * ld > R x ( H 2d ~ *2d^ “ R y^" H W^y^*ld^ R K^ H 2d^ R *^“ ll 2d ) I1I * C ' 8 

where 

**ld’ R 2d = displacement of the instantaneous angular momentum 

pole relative to the slowly moving pole 

m. . . m, . = displacement of the instantaneous spin pole 
la -:a 

relative to the slowly moving pole 


The form of the Euler.' an separation is 



£) - 0 - 1)0 



s 


~t * i sin 'O 


I11.C.9 


C, ft = principal moments of inertia of the earth 
k, ks = Love numbers 

a ,<c.>s t • i si:; O = observed slowly moving pole displacement 

from the six-year mean spin pole 


Since the rotations are small, a first order approximat ion is possible. 
Rotations III.C.2. and 1 1 1 . C . 3 can be rewritten using 1I1.C.7, lll.C.d, 
and III.C.8 as 


r (H "l ,K K (' c' * *l) \{a. - *_•) 

■ V^ie’V*.-e'V-’ , i.i’V*.m ) 

(‘ - - e.K'-ie'W 


K 


i-H 1R (m. )R (H, , >R 1-m, ,) 
1*1 v Id .x Al x - d 


1II.C. !0 
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( l - c)(’ - r) WWWW 

8 


X 

Motion Matrix which is designated by If m section II. D. 5. The tens 
^ ^ H 2d ^ is the diurnal Motion of the instantaneous angular 
■oaentua pole about the slowly Moving pole position. 

The terM R^(GAST + fi * r 0 CO8G HD^ fro “ HI.C.H can be exactly 
separated into two rotations: 

^(GASD^tS^pCOse^) III. C. 11 

The first rotation is the conventional rotation by the Greenwich 
apparent sidereal tine in order to align the x-axis with the true 
vernal equinox. The second is a correction needed because the rotation 
about the z-axis is about the angular moaentun axis rather than the 
spin axis. 

Therefore the first two lines of eq. III.C.1 frow Mean of epoch 
to geographic (rotations III.C.2, III.C.3, and III.C.4) can be written 
as 


The tern R 


^“ie )r 


(n^ £ ) 


is the conventional polar 


“C 1 -cK 1 -v;) V-ie’W 

R y ( " H ld )R x (H 2d ) 

*,< 4 *rD cos e HD )R z (GAST) 
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After combining rotations to first order about each axis and dropping 
terms which can been included elsewhere (W and R„(GAST)), the diurnal 
polar motion matrix D in the direction from terrestrial to mean of 
epoch (opposite of the rotations used above) is given by 


D - %(-«* rD co»*HD )R x ( - H 2d- WW 

where 

*.--(• -§)(* -r) 

» e ' -(* - £)0 - f ) 

' A 


III. C. 13 


slowly moving pole position 


slowly moving pole position 

Strictly speaking, the use of the conventional slowly moving pole is 
incorrect. McClure's expressions for the Eulerian motions apply about 
a aean pole position while the CIO pole, which is the origin for long 
period polar motion, is no longer coincident with the present six-year 
mean pole position. There has been a secular motion of the six-year 
mean pole of about 0.003" to 0.006" per year in the direction of 
285 deg east longitude (Poma et al 1976). Since (1 - A/C) (t - k/ks) 
is 0.0023 only a small error (less than • . S cm) is involved. 


McClure uses all the second degree diurnal tidal terms in 
Doodson's development to calculate diurnal polar motion. The seven 
largest terms in the time series for and Stf' rp are u9ed in 

present Implementation. The error in neglecting the remainder of the 
13 ^ terms is at most 0.0006". 
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H. . = -.0009149 sin(w - wl 

±a 

- 2w3 - 2w5) 

III. C. 14 

-.0008659 sin(w 

- 2w3 - w5) 


-.0045924 sin(w 

- 2w3 - 2w5) 


-.0019980 sin(u 

- 2w3 ♦ 2w4 - 2w5) 


♦.0019037 sin(w 

) 


♦.0040934 sin(w 

) 


+.0008113 sin(w 

- w5) 


H- , = -.0009149 cos(w - Hi 
2 a 

- 2w3 - 2w5) 

III. c . 15 

-.0008659 cos(w 

- 2w3 - w5) 


-.0045924 cos(w 

- 2w3 - 2w5) 


-.0019980 cos(w 

- 2w3 ♦ 2w4 - 2w5) 


♦.0019037 cos(w 

) 


♦.0040934 cos(w 

) 


♦.0008113 cos(h 

- w5) 


64 sine = -.00038502 sin( 

+ wl ♦ 2w3 ♦ 2w5) 

III.C. 16 

-.00041647 sin( 

♦ 2w3 ♦ w5) 


-.00201046 sin( 

+ 2w3 ♦ 2w5) 


-.00093797 sin( 

+ 2w3 - 2w4 ♦ 2w5) 


+.00086146 sin( 

) 


+.00185233 sin( 

) 


-.00042084 3in( 

- w5) 


Hia, f^d* ^ sine in arcseconds 


w = Greenwich mean sidereal 

. time 



■ 100- 




vl s aean anoaaly of the aoon 
w3 s mean argument of the latitude of the aoon 
w4 s aean elongation of the aoon from the sun 
w5 = longitude of the aean ascending node of the lunar orbit on 
the ecliptic 

Since each tera in the series for includes an argument o. enwich 
mean sidereal time, the period for is close to a sidereal day. The 
terms for 5 t sine do not include the w argument for Greenwich mean 
sidereal time. Therefore the correction in rotation III. C. 11 for the 
separation of spin and angular momentum changes with periods longer 
than a day. 

Table III.) shows the characteristic periods associated with each terra 
in the series for and 5$ sine in the order in which they appear in 
eq. III. C. 14-16. The tidal argument number is a notation devised by 
Doodson to classify tidal components by increasing speed and is used by 
McClure to organize his tables. The terrestrial periods apply to the 
terms of H . The celestial periods are those for the terms in -i sine. 

U 

The fact that the arguments for H and M sine differ only by w means 
that the two sets of periods are directly related. The beat frequency 
between a term in and the two precessional terms, which have only 
the argument w, is the same as the corresponding celestial frequency. 

Since the semimonthly and semiannual terms have the largest 
coefficents, the envelope of the magnitude of diurnal polar motion will 
have these periods. 
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Table III.1 Periods of diurnal polar Motion 


Tidal argument 

terrestrial 

period 

celestial period 

number 

hr 

min 

sec 



(solar) 


135.655 

26 

52 

05 

9. 1 solar days 

145. 5*5 

25 

*9 

23 

13.6 sclar days 

1*5.555 

25 

*9 

08 

13. 7 solar days 

163.555 

2* 

03 

5* 

semiannual 

165.555 

23 

56 

03 

solar precession 

165.555 

23 

56 

03 

lunar precession 

165.565 

23 

55 

51 

6798 solar days 
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To estimate its magnitude, diurnal polar motion is characterized 
by a single parameter which scales the rotations in the diurnal polar 
motion matrix D. See section II. D. 4. Both the magnitude of polar 
motion and the correction for spin-angular momentum separation are 
scaled together. The direction of the diurnal pole relative to the 
slowly moving pole is not affected or adjusted. A scaling factor of 
unity corresponds to the model of McClure. 

* D. Effect of diurnal polar motion on the VLBI delay observable 

The effect of diurnal polar motion on delay rate will not be 
considered here. As is explained in section III.E, the delay rate 
observable has not been particularly helpful in estimating diurnal 
polar motion from VLBI data. 

The simple effects of polar motion on delay depend on four 
parameters: 1) the projection of the baseline on the plane containing 

the reference pole, the pole of interest and the barycenter (hereafter 
called the pole plane), 2) the projection of the source unit vector on 
the pole plane, 3) the projection of the baseline on the plane 
perpendicular to the source vector, and 4) the displacement of the pole 
of interest from the reference pole. The effect of polar motion is 
maximum when all the relevant parameters are at their maximum value, 
i.e., when the baseline is perpendicular to the source vector and both 
lie in the pole plane. The effect is scaled by the magnitude of the 
pole displacement. 
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Long period polar motion and diurnal polar motion have quite 
different signatures because their geometries affect the parameters 
differently. For wobble the baseline projection on '.he pole plane is 
essentially fixed for the period of a day. For diurnal polar motion 
the projection changes as the pole plane rotates about the reference 
pole axis. When viewed in the celestial reference frame, the pole 
plane of long period polar motion rotates once about the spin axis in 
space during a day and the source vector projection changes depending 
on the source declination. The pole plane for diurnal polar motion 
changes slowly in space so that the source vector projection on the 
pole plane is constant over a day. The projection of the baseline on 
the plane perpendicular to the source vector has a behavior orthogonal 
to that of delay and is not different for the two modes of polar 
motion. The last factor, the displacement of the pole, changes very 
slowly for long period polar motion and more rapidly with a strong 
semi-monthly period for diurnal polar motion. An effect which is not 
at all present in long period polar motion is the third rotation in the 
diurnal polar motion matrix necessitated by the separation of the spin 
and angular momentum. Diurnal polar motion causes effects which are 
akin to UT1 variations. 

The basic signature of diurnal polar motion in delay is a nearly 
diurnal sinusoid caused by the changing projection of the baseline on 
the pole plane. The effect on 3C 84, a mid-latitude source, with the 
Haystack-OVRO baseline is shown in figure III. 8 for Sept. 29 to 
Oct. 15, 1976. The horizontal scale is time. The vertical scale, also 
used for succeeding plots, is (+/-) 0.5 nsec. The fortnight!} envelope 
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+0.5 



-0.5 nsec 


is quite obvious. There is an apparent null because the time interval 
is near the autumnal equinox when the solar polar motion magnitude is 
zero. Figure III. 9 shows the envelope over a year while figure III. 10 
shows the UT time of the positive-going zero crossing for the sane 
interval. The Haystack-OVRO baseline is used for most of the following 
examples. 

The dependence of the effect on source and baseline geometry is 
more complicated than for long period polar motion. Because the 
celestial orientation of the pole plane changes slowly over a day, the 
effect on sources at different right ascensions is different. The 
source vector projection on the pole plane changes with right 
ascension. Figure III. 11 shows the effects for sources with 45 deg 
declination at various right ascensions on an arbitrary day. 

Figure III. 12 shows only that part of the day for which the sources are 
visible. 

The dependence on the declination for sources at a fixed right 
ascension is also complicated. Figure I shows the signature for 

several sources at 0 hr right ascension the same arbitrary day. 

The effect is not monotonic with declination. Since diurnal polar 
motion is modeled by rotations about three axes instead of two, its 
effect changes character with declination. At high declinations the 
motion of the pole is dominant. Near the equator the correction to the 
rotation about the z-axis becomes more important in the diurnal 
signature. Figure III. 14 shows the same sources during their visible 
intervals. The equatorial source has the shortest period of 
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Fig. III. 9 One year envelope of delay signature 
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The Haystack-OVHO baseline is essentially east-west and 
illustrates the effect of diurnal polar action for that coaponent of 
baseline geometry. The behavior of a polar baseline is shown in 
figure III. 15. Two differences eaerge. First, a polar baseline is 
insensitive to rotations about the z-axis. The spin-angular aoaentua 
separation therefore has no effect. Second, the direction of the 
diurnal pole with respect to the slowly aoving pole changes relatively 
slowly in the inertial reference fraae. Consequently the projection of 
the polar displaceaent in the direction of a given source also changes 
slowly. Since there is no equatorial coaponent of the baseline to give 
diurnal modulation, the north-south baseline sees a slowly changing 
effect on the delay observable. 

The effect of diurnal polar motion on the observations of a 
complete VLBI observing session is too complex for a complete 
description. Figures III. 16-20 show the effect on delay for five days 
cf observations on the Haystack-OVRO baseline during 1976. The sources 
are 3C 84(7), 3C 120(14), 4C 39-25(28), 3C 273(33), 3C .79(35), 

3C 345(43), PKS 2134(59), VRO 42.22.01(63), and 3C 4,4.3(67). 

E. Observations and data preparation 

The data for estimating the magnitude of diurnal polar motion 
were gathered from observations in the years 1972 through 1977 by VLtil 
groups at the University of Maryland, GSFC, Haystack Observatory, and 
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Fig. IH. 15 One day delay signature for north-south baseline 
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Fig. III. 16 Delay signatures for sources observed on Sep. 29, 1976 
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Fig. III. 18 Delay signatures for sources observed on Oct. 09, 1976 
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Fig. III. 20 Delay signatures for sources observed on Oct. 14, 1976 
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M T .T. Switched frequency synthesized-bandwidth observations recorded 
and processed by the Mark I system were used throughout. 

Four stations were operated during the period although no 
baseline was available for all observing sessions. The stations were 
Haystack, Goldstone, Sweden, and OVRO. Information about the antennas 
and receivers is given in table III. 2. Haystack was used for all 
experiments and was the most reliable site. Because of its fast 
antenna slewing rate, it was rarely a limiting factor in observing 
schedules. It probably had the worst atmosphe: .c conditions in terms 
of large scale and short term flue! uations. Goldstone had the coldest 
receiver and therefore allowed observations on weak sources. However, 
it had very slow slewing, limiting the number of runs that could be 
scheduled, and narrow observing bandwidth (30 MHz). Since the 
measurement uncertainty of the delay observable is inversely 
proportional to the observing bandwidth, the scatter in the data from 
Goldstone baselines is larger than from other baselines not imited by 
receiver bandwidth. Sweden suffered from extremely low (12%) antenna 
efficiency and limited mutual visibility with other sites. OVRO had 
slow slewing rates but a very wide observing bandwidth (300 MHz). The 
observations using OVP.O have the lowest scatter. 

The stations in use at different times break the data into four 
la*"ge sets summarized in table III. 3- 

Set A spans April 1972 through March '073 when Haystack-Goldstone 
baseline was used. Each experiment lasted approximately one day and 
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Table III. 2 Antenna and receiver information for diurnal polar motion data 


a. antenna diameter (meters) 

b . mount 

c. configuration 

d. geodetic location - vest longitude, north latitude, altitude (e) 

e. receiver 

f. approximate receiver temperature (degrees K) 

g. location 

h. organization 


Name 

a. 

b. 

c. 

u. 

e . 

f. 

Haystack 

37 

Cassegrain 

az/el axes 
intersecting 

71 29 19.201 
42 37 23-00 
145 

cooled 

paramp 

ro 

Goldstone 

64 

Cassegrain 

az/el axes 
intersecting 

116 53 19-150 
35 25 33.446 
1030.85 

maser 

30 

Sweden 

26 

Cassegrain 

equatorial 
offset 2.2 m 

348 04 47.2 
57 23 36.10 
14 

maser 

50 

OVRO 

40 

Prime focus 
g- 

az/el axes 
intersecting 

118 16 54.36 
37 13 53.49 
1226.65 

h. 

uncooled 
pa ramp 

120 


Haystack 

Goldstone 

Sveden 

OVRO 


West ford, Mass. 
Mojave, California 
Onsala, Sweden 
Big Pine, California 


Northeast Radio Observatory Corp 
Jet Propulsion Laboratory 
Chalmers University of Technology 
Ovens Valley Radio Observatory 
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Table III. 3 Kimber of observations by experiment and baseline for diurnal 
polar aotion data 

Haystack-Goldstone Haystack-Sweden Haystack-OVRO 
Set A. April 1972 - March 1973: 1389 points 


72/09/19-72/09/15 

190 


72/05/09-72/05/10 

198 


72/05/29-72/05/30 

67 


72/06/06-72/06/07 

90 


72/06/27-72/06/28 

100 


72/08/29-72/08/30 

193 


72/11/07 

196 


73/02/09-73/02/05 

180 


73/03/30-73/03/31 

175 


Set B. August 1973 - 

July 1979: 2605 points 


73/08/10-73/08/19 

195 

370 

73/10/12-73/10/16 

161 

316 

79/03/09-79/09/08 

156 

372 

79/09/29-79/05/03 

212 

399 

79/07/08-79/07/12 

129 

399 

Set C. January 1975 

- March 1976: 570 points 


75/01/16-75/01/17 

129 


75/05/27-75/05/28 

159 


75/10/15-75/10/16 

123 


76/03/20-76/03/21 

169 



Set D. September 1976 - June 1977: 1597 points 


76/09/09-76/09/10 

135 

76/09/29-76/10/01 

188 

76/10/09-76/10/06 

180 

76/10/09-76/10/10 

156 

76/10/11-76/10/12 

118 

76/10/19-76/10/15 

198 

76/12/19-76/12/15 

158 

76/12/15-76/12/17 

167 

77/03/27-77/03/31 

222 

77/06/26-77/06/27 

125 
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the clocks (frequency standards) at both sites were stable, A snail 
number of observations were also made with an antenna at Fairbanks, 
Alaska, but the data are noisy and consequently not included. 

From August 1973 through October 197* the observing sessions 
consisted of a single day on the Haystack-Goldstone baseline scheduled 
during several continuous days involving Haystack and Sweden. Each 
four-day session is an individual data set in combined ret B. The 
Haystack-Goldstone data show systematic trends caused by drifting of 
the Goldstone clock. The data on the Hay stack -Sweden baseline are 
noisier but have less evidence of systematic errors. Data taken in 
October 197* are not included because of processing difficulties. Two 
short sessions using only Haystack-Sweden are also not used. 

After October 197* the antenna in Sweden was no longer available. 
The absence of the Haystack-Sweden baseline was somewhat balanced by 
improvement in the Goldstone clock behavior. However, the schedules in 
set C are weakened in two cases because of tine devoted to differential 
position measurements. Several hours were spent in Hay 1975 and 
March 1976 making continuous observations of ?C 14S, PKS 1633*36 and 
HRAO 512. Since the observations were all in the same region of the 
sky and integrated for less than three minutes, the general observing 
ge netry was weakened. All observing sessions in set C ran 
approximately one day. Data taken during August ld75 are not included 
because of a faulty frequency channel and a major contraction in the 
observing session. 
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The 40-m antenna at OVRO became available in Sept. 1976 after 
completion of a new receiver and arrival of a GSFC Baser. The data 
froB the Haystack-OVhO baseline font set D. 76/09/09 was the first 
test day on the baseline and used a peculiar observing schedule. 

Between 76/09/29 and 76/10/15 a aajor effort was Bade to acquire a 
large aaount of data. However, the schedules used were coaplicated by 
incoaplete analysis of the test results, inexperience with the OVRO 
antenna, and a desire to try aany types of observations. While the 
tine spanned by individual sets is not continuous, auch of the 
intervening tiae was occupied doing other observations which could not 
he used for the present purpose. The sets froa Dec. 1976 also 
represent a continuous period of observation broken by other work . 

Each set in Sept. -Dec. 1976 is approxiaately one day of data. Although 
there are gaps of several hours in the data froa March 1977, the data 
are continuous enough to treat as a single four-day set. June 1977 is 
a short one-day session. An experiaent was undertaken in Sept. 1977, 
but an undiagnosed electronics problea at CVBO apparently caused the 
baseline to fail coapletely. 

During 1972-74 and 1976-77 the 43-a NRAO telescope at Green Bank, 
W. Va. was also in use. However the erratic behavior of its clock aade 
the data on its baselines difficult to use, especially in 1973-74. In 
1976-77 the clock was auch iaproved, but the full observing bandwidth 
available at OVRO and Haystack was not possible on the NRAO receiver. 
The baselines with NRAO are similar to the baselines with Haystack 
while the Haystack-NRAO baseline is too short to be of auch use. 

Because of the clock problems and the nature of the NRAO baselines, no 
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data froa Green Bank are included. 


The sources used in each coabined set are given ic table III. 4. 

The raw data tapes were processed on the Haystack Hark I 
correlator and passed through a series of prograas (VLBI3, VLBI2, and 
VL BOARDS) to yield delay and delay rate observables. Heasureaent 
uncertainties were coaputed on the basis cf correlation, observing 
bandwidth, and integration tine. The data froa each saall set were 
edited and the delays were corrected for group delay aabiguity. The 
sessions in sets A and B were largely edited by D. S. Robertson at NIT 
and Haystack Observatory. Sets C ard D were edited on the GSFC 
HP 21MX, again aostly by D. S. Robertson, using prograas developed to 
support the Hark III systea. 

After the individual sets were edited, the aeasureaent 
uncertainties were adjusted in order to prevent biases caused by 
incorrect relative weighting of single experiaent data sets when 
coabining several sets together. A multiplicative factor was used for 
experiments in sets A and B. A fit of baseline parameters, source 
positions, an atmosphere parameter for each site and day, and terms of 
the necessary clock polynomials was done for each saall set. The 
sessions in set A generally required only a single clock offset and 
rate. The exception was 73/02/04 which needed a quadratic term. The 
experiments in set B all required a larger number of clock polynomials 
and more terms in each polynomial to fit the data at a adequate level. 
Each fit was done using only delay data. After fitting, the 
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Table III.* 


source 

*C 67.05 
3C8* 

NR AO 1*0 
CTA 26 
NR AO 150 
3C 120 
OJ 287 
AC 39.2 
3C 273B 
3C 279 
OQ 208 
PKS 1633*38 
NR AO 512 
3C 3*5 
3C Al8 
PKS 213A+00 
VRO *2.22.01 
3C **6 
CTA 102 
3C *5*. 3 


Nuaber of observations by source and coabined data set for 
diurnal polar aotion data 


Set A 

72/* - 73/3 


21 

3* 

1* 

9 

112 

86 

76 

219 

201 

38 

71 

115 

30 

92 

110 

11 

150 


Set B 

73/8 - 7*/7 


650 


180 

150 

82 

26* 

23* 

99 


60 

367 

27 

132 

2*9 


110 


Set C 

75/1 - 76/3 

10 

10 * 


*7 

57 

17 

1* 

29 

39 

2 

61 

52 

76 

23 

13 

2 

2 * 


Set D 

76/9 - 77/6 


263 


95 

66 

3 

25* 

146 

83 


11* 

180 

210 


183 


- 126 - 



measurement uncertainties of the delay points in a set were aultiplied 
by a single factor to bring the root-scaled-aean-square post-fit 
residual (RSMS) to unity. The RSMS was coaputed by 



where 

w = 1/aeasureaent uncertainty 
r = post-fit residual 
N = number of included data points 

The delay rate data were not used. Delay rate data when included 
properly do not reduce the formal error of the diurnal polar motion 
scaling factor by a large aaount nor change the scaling factor 
significantly. 

For the individual sets in combined sets C ti D an additive 
constant was used to adjust the delay measurement uncertainties. An 
additive adjustment is sore desirable than a multiplicative adjustment 
since it is more likely to represent the behavior of the actual 
scatter. However, an additive adjustment requires knowledge of the 
original measurement uncertainties, which was not available for sets A 
and B. A fit was done for each set adjusting baseline, source, 
atmosphere, and clock parameters. Only a single clock offset and rate 
were used for each day interval. An additive constant was calculated 
which, when root-sum-square added to the measurement uncertainty of 
each delay point, adjusted the RSMS to unity. 
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Both aethods of adjusting Measurement uncertainties represent 
heuristic approach _s to the problem of determining the true 
uncertainties. The Multiplicative factor is easy to compute since it 
leaves the relative weight of each point in a day's solution unchanged. 
Computing the additive term requires an iterative approach since the 
relative weight of the individual data points is changed. The latter 
is probably a better approach if the noise in the data is the result of 
random fluctuations which were not considered in calculating the 
original measurement uncertainties. 

Although the Mark 111 programs were used in editing some data, 
the number of parameters to be adjusted simultaneously for each large 
data set was too large to be handled. The process of parameter 
estimation was accomplished on the GSFC IBM 360/91 using the 
least-squares estimation program VLBI3 developed by Robertson (1975) 
with modifications of the solid earth tide model by R. J. Cappallo. 
Instead of using a series tidal expansion, the tidal potential is 
calculated directly from lunar and solar positions. Both the series 
and direct models are given in section II.E.t. Additional changes were 
made to introduce the diurnal polar motion model and the partial 
derivative of the diurnal polar motion scaling factor. The partial 
derivative was checked by finite differences and by comparison with the 
derivative computed by program CALC. 

While the combined data sets were grouped by baselines used, 
there is no theoretical restriction on treating all the data 
simultaneously when estimating diurnal polar motion. However the large 
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number of points and paraaeters Bade it iapractical even using VLBI3. 
There is an advantage in treating the large sets separately. Since 
each set represents different geoaetries, equipaent and observing 
schedules, independent estiaates can be found. Consistency froa 
different sets would strengthen the individual results. Soae grouping 
of data is necessary. A single day’s data cannot be used in estiaating 
diurnal polar aotion as the correlation between paraaeters is 
excessive. A longer tiae interval is necessary to separate the nearly 
diurnal signature of polar aotion froa other diurnal signatures. In 
addition, systeaatic effects caused by ataosphere and clock 
fluctuations tend to be absorbed in other paraaeter adjustments when 
using only one day of data. 

The small data sets with measurement uncertainties rescaled were 
each passed through VLBI3 to check the rescaling procedure. The four 
combined sets were then grouped in a format to facilitate further 
processing. The original adjusted parameters used for the separate 
sets were retained and additional parameters for wobble and UT1 were 
added, a pair for each experiment. Hobble and UT1 were held fixed at 
the BIH values for the first experiment in each large data set to 
provide a reference. Hobble and UT1 had not been adjusted in the 
individual experiment fits 3ince it is not possible to estimate all the 
baseline parameters and the earth's orientation simultaneously. Only 
the x-component of wobble was adjusted because the data for each day 
were generally strong in only one baseline. Since only delay data were 
used in adjusting the measurement uncertainties, the delay rate data 
were ignored in fitting the larger sets as well. 
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F. Estimation of the diurnal polar motion scale factor 


The four large data sets were used to estimate the diurnal polar 
motion scaling factor. The set of adjusted parameters was varied in 
order to achieve a good fit. Different models for particular effects 
were used to test the stability of the parameter estimates. 


The overall results are presented in table III. 5. The table is 
divided by combined data set. Each set was analyzed in the same 
manner: 1) with the diurnal polar motion model disabled, 2) with the 
model applied and a unity scaling factor, and 3) with the scaling 
factor adjusted. The unity scale factor applies the McClure model 
without modification. The first group in each set is the result using 
only the parameters taken from the individual set estimates with the 
addition of wobble and UT1. The other results will be discussed in the 
next subsection. The root-weighted-mean-square post-fit residual 
(RWMS) is a measure of scatter in the data calculated by 


RUMS 


where 



w = 1 /measurement uncertainty 
r = post-fit residual 


III.F.1 


The RSMS defined in section III.E, on the other hand, compares the 
scatter to the data measurement uncertainties. The formal error is 
based only on the measurement uncertainty and the observation geometry 
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Table III. 5 Estiaate of diurnal polar aotlon scaling factor 


a. RUMS - root of weighted aean square delay residual (nsec) 

b. reduction froa RUMS with aodel off ($) 

c. RSMS - root of scaled mean square delay residual (unitless) 

d. estiaated diurnal polar aotion scaling factor (unitless) 

e. formal error of diurnal polar motion scaling factor (unitless) 

f. formal error scaled by RSMS (unitless) 



a. b. 

c. 

d. 

e. 

f. 

Set A. 72/4 - 73/3 





2 terms in each 

clock polynomial 





model off 

.716 

2.638 




model on 

.699 -2.4 

2.576 




model adjusted 

.666 -7.0 

2.457 

5.27 

.15 

• 37 

4 terms in each 

clock polynomial 





model off 

.431 

1.587 




model on 

.417 -3.2 

1.537 




model adjusted 

.398 -7.7 

1.467 

4.15 

.18 

.26 

6 terms in each 

clock polynomial 





model off 

.379 

1.396 




model on 

■364 -4.0 

1.343 




model adjusted 

.346 -8.7 

1.274 

3.98 

.19 

.24 

Set B. 73/8 - ' 

74/7 





2-4 terms in each clock polynomial 




model off 

1.054 

1.433 




model on 

1.044 -0.9 

1.419 




model adjusted 

1.031 -2.2 

1.401 

3.96 

.26 

.36 

4 terms in each 

clock polynomial 





model off 

.901 

1.225 




model on 

.891 -1.1 

1.211 




model adjusted 

.871 -3-3 

1.184 

5.39 

.34 

.40 

Set C. 75/1 - 

76/3 





2 terms in each 

clock polynomial 





model off 

.547 

1.193 




model on 

.544 -0.6 

1.186 




model adjusted 

.542 -1.0 

1.181 

2.96 

.71 

.84 
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4 terns in each clock polynomial 


model off 

.478 

1.042 



model on 

.477 

-0.2 1.040 



model adjusted 

.477 

-0.2 1.040 2 . 8 1 

1.32 

1.37 


Set D. 76/9 - 77/6 
2 terms in each clock polynomial 


model off .416 2.921 


model on 
model adjusted 

.389 -6.5 

.361 -13.2 

2.735 

2.535 

3.42 

.06 

.15 

4 terms in each 

clock polynomial 





model off 
model on 
model adjusted 

.284 

.268 -5.6 

.256 -9.9 

1.991 

1.887 

1.800 

3-02 

-09 

.16 

8 terms in each 

clock polynomial 





model off 
model on 
model adjusted 

.242 

.230 -5.0 

.219 -9.5 

1.702 

1.612 

1.541 

2.92 

. 10 

.15 
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while the scaled fornal error includes the actual scatter of the data. 


There is considerable variation in both RWMS and RSMS. Set D 
(1976-77) has the smallest RWMS. However, it has the largest RSMS 
indicating that errors were hidden in the individual set fits. Since 
the baseline and source coordinates are common to all points in the 
estimate, these parameters can no longer compensate for other errors as 
was possible in the individual set estimates. Set B (1973-74) has the 
largest RWMS but smaller RSMS, a sign that the original 
parameterization was more complete than for set D. Set A (1972-73) is 
intermediate in RWMS and RSMS while Set C (1975-5) has relatively small 
RWMS and RSMS. 

Turning the model on and adjusting the scaling factor 
progressively improved the fit for all sets. The greatest change is in 
set D where a unity scaling factor reduces the RWMS by 6.5K compared to 
the model-off case and the adjusted scaling factor reduces the RWMS by 
13.2%. If the same effects with different magnitudes were responsible 
for the scatter in all sets, it is reasonable that the least noisy set 
should have the greatest reduction when diurnal polar motion is 
applied. The improvement in residuals for set C is quite small and 
statistically insignificant. The formal error for the scaling factor 
is also more than twice that for any other data set. Set C therefore 
probably does not give a useful estimate of the scaling factor even 
though the RWMS is second smallest and the estimated scale factor is 
not greatly different from the other estimates. This lack of 
sensitivity is not unexpected since set C has the smallest number of 
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data points despite spanning the largest time interval. The data were 
also not well distributed within the individual days. 

1. Clock parameterization 

When the original parameters are used, the RSMS and residual 
plots provided by VLBI3 indicate that effects hidden in the individual 
experiment fits are being exposed. In many cases the residual for 
different sources with interleaved observations followed a similar 
trend. The probable cause is instability in the frequency standards 
over a few hours. Small amplitude fluctuations are easily absorbed in 
other adjusted parameters in £ single day fit. 

There ai e two methods for improving the parameterization of the 
clocks in VLBI3, both somewhat ad hoc. Additional short clock 
polynomials may be introduced so that each polynomial models the clock 
for a smaller time interval. The clock model is then a discontinuous 
function over a day. Alternately, the number of terms is each clock 
polynomial can be increased to model more complex clock fluctuations. 
The latter method was used largely for reasons of convenience. Adding 
more polynomials is more tedious and prone to error than adding more 
terms. In addition, the choice of epochs for the new polynomials in 
order to maximize the reduction of residuals depends on personal 
judgment and can lead to biases. The number of terms in the original 
clock polynomials, generally two, was increased in steps until either a 
program limit was reached or the scaled formal error of the diurnal 
polar motion scaling factor increased significantly. Expanding the 
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number of parameters in in estimate usually increases the formal error 
of any previously included parameters. At the same time the fit 
improves and the RSMS decreases. If the scaled formal error of the 
rarameter of interest is smaller, then the additional parameters model 
the data in some sense correctly. Even if the scaled formal error 
remains constant, the parameter estimate aay still be improved as the 
new parameters redistribute the parameter corrections. 

The results with additional clock terms are shown in table III. 5. 

In two cases, sets A and D, program limits restricted the number 
of term3 in the clock polynomials. The scaled formal error or RUMS 
improves until the limit is reached. The improvement in RWMS is quite 
marked. For set A the RWtS decreases by 40% and 47% when the number of 
clock terms is raised from 2 to 4 and 6, respectively. The RWMS of 
set D decreases by 30% and 40% with 4 and 8 terms. The larger 
reduction in set A probably indicates that the clocks were less stable 
during 1972-73 than during 1976-77. As the number of clock terms is 
increased, the improvement in RWMS from first applying tbe polar motion 
sodel and then adjusting the scaling factor remains fairly constant. 

For set A the improvement is slightly enhanced as the number increases 
while the opposite occurs in set D. The diu* nal polar motion scaling 
factor changes when new clock terms are added. However, the changes 
are considerably smaller than the change in RWMS for the first 
increment and are within the scaled formal error for the second step. 

In both cases the scaling factor decreases. If more clock terms had 
been added, it would be reasonable to expect the sc. -ing factor to 
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r^ach an asymptotic value and the scaled formal error to rise sharply. 
The correlation between different terms in the same clock polynomial 
increases drastically with increasing number. The correlation between 
the diurnal polar motion scaling factor and other parameters remains 
small, always less than 0.*5- The kai***:?* correlations are with some 
source declinations. 

In the two other cases, sets B and C. the scaled formal error 
increased with additional clock terms. Since these two sets originally 
had the lowest RSMS it could be expected that additional terms would 
produce less improvement. The decrease in RSHS :s insufficient to 
balance the increase in the number of adjusted parameters. The number 
of clock terms was therefore kept at the original number for later 
analyses. 

2. Residual behavior 

The behavior of the post-fit residuals plotted by VLBI3 differed 
considerably from set to set and within each set. A few general 
remarks can be made. 

If the residuals for all the sources are considered as a group, 
the magnitude of drifting is greatly reduced by increasing the number 
of clock terms. The overall pattern appears random. Unfortunately the 
residual pattern for a given source has a systematic behavior which is 
usually different from that of other sources. Part of the trend can 
often be traced to the atmosphere model, which is less accurate at low 
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elevation angles. As the elevation decreases, the residuals for a 
source can show a systematic departure from the former behavior leading 
generally to larger residuals. 

The residuals do not change appearance in any marked way when the 
diurnal polar motion model is activated or adjusted. While the overall 
scatter is reduced, the individual source trends are only slightly 
modified. There are a few cases where the residuals from different 
sources for an interval of hours are simultaneously brought nearer zero 
from both positive and negative values. The opposite also occurs. A 
comparison of the expected signature of diurnal polar motion for 
several days from figures III. 16-20 with the actual residual plots 
shows no similarity. With a unity scaling factor the magnitude of the 
effect is under 0.5 nsec. The RWMS is comparable or larger for all 
data sets. The individual source trends are often smaller, more 
frequently in set D. Since the effect of diurnal polar motion is 
relatively small, it is not surprising that the effect is masked in the 
residuals. Small corrections are easily absorbed by small adjustments 
in other fitted parameters. 

The constituent small data sets are affected quite differently by 
the process of combination. If the data were all uniform in biases and 
noise sources, combining sets should affect the individual sets 
equally. However the RSMS for individual sets varies by nearly a 
factor of three in set 0. The variation in the other sets is ouch 
less. Since the individual sets are parametei ized in fairly similar 
ways, the variation in RSMS indicates that the errors present in the 
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data are quit"* different froa day to day, at least in set D. Adjusting 
the diurnal polar notion scaling factor reduces the overall scatter but 
not uniformly over all snail sets. Ubile the scatter in most sets is 
saaller by varying aaounts, the scatter on a feu sets is larger 
although not substantially. This divergence occur' aore frequently in 
set D. The effect of diurnal polar notion varies over the intrrval 
included in each caatined set and it is to be expected that the degree 
of residual reduction should vary uith experiment. It is not clear why 
the residuals should increase occasionally. One possibility is that 
the scaling factor is not constant and the aodel therefore introduces 
too much correction at soae tines. 

3- Effect of phase variation 

The model for diurnal polar motion defines a specific phase for 
the instantaneous angular momentum polar motion, i.e., a particular 
pole direction relative to the slowly moving pole. During a day this 
phase goes through approximately one turn. The phase is not affected 
by the scaling factor. There nay be phase lag or lead that the model 
does not predict. A modification to program VLBI3 was made to examine 
this question. 

There is another reason for considering the phase of diurnal 
polar motion. In a purely mathematical sense the model is a construct 
whose physical reality is open to question. The fitting process gives 
a value for the scaling factor which may represent only noise. If the 
model is entirely unphysical an arbitrary change in phase should cause 
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the fit to respond to different noise and give a scaling factor value 
which is not related in the Banner which the aodel predicts. 

The phase was investigated by changing the aodel rather than by 
introducing a new paraaeter. The choice was dictated largely by 
practical considerations but allows a no re detailed analysis. The aain 
disadvantage is that the formal error of the phase lag/lead cannot be 
deterained directly. The teras in eq. III. C. Id and III. C. 15, which 
give the cartesian components of the angular aoaentua pole position, 
all contain w (Greenwich aean sidereal tine) as one of the arguaents. 

A change in w directly changes the phase of the polar action. The 
prograa was aodified so that and were calculated using a new 
arguaent v in place of w, where v is the Greenwich aean sidereal tiae 
with an arbitrary phase added. For exaaple, a phase addition of 
180 deg would reverse the direction of the pole. The correction to the 
z-rotation in I II. C. 11 was unaffected. 

Each large data set was re-analyzed using a series of values for 
the phase lead. The results for set D are presented in table III. 6. 

The results froa sets A and B are siailar in character. The phase lead 
was increaented in steps of 30 deg. For each phase lead the scaling 
factor was estimated along with other paraaeters. Several points 
should be noted. The scale factor has a maximum between 300 and 
330 deg and a ainiaua 180 deg away. The values separated by 180 deg 
are not of equal magnitude and opposite sign because the phase lag/lead 
does not affect the third rotation in the diurnal polar notion matrix 
related to the separation of the spin and angular momentum vectors. 
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Table 111. 6 Effect of phase on adjusted diurnal polar Motion scaling factor 
using Set D and 8 tanas in each clock polynomial 


phase lead 
degrees 

RUNS 

nsec 

RSMS 

scale factor 

error 

scaled error 

0 

.219 

1.541 

2.92 

.101 

.156 

30 

.237 

1.662 

1.50 

.101 

.168 

60 

.242 

1.702 

-0.12 

.099 

.169 

90 

.237 

1.663 

-1.36 

.097 

.162 

120 

.231 

1.622 

-1.99 

.096 

.156 

150 

.232 

1.626 

-1.98 

.098 

.159 

180 

.239 

1.676 

-1.22 

. 101 

.169 

210 

.242 

1.702 

0.23 

.103 

-175 

240 

.234 

1.641 

1.85 

.101 

.166 

270 

.216 

1.519 

3.05 

.099 

.150 

300 

.203 

1.423 

3-66 

.098 

.139 

330 

.204 

1.430 

3-66 

.099 

.142 
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90 deg removed froa the extreaes the sealing factor is nearest zero. 

The RUMS and RSMS have ainiaa at 300 deg and Maxima at 60 and 210 deg. 

The behavior of the various quantities is consistent with the 
geometry of the diurnal polar motion model assuming a phase lag of 
44 deg. Since a negative scale factor reverses the direction of the 
pole, the negative values 180 deg away froa the maxiaua value indicate 
that the estimated scale factors force the pole to the correct 
direction. If the phase effect is real, the scale factor at quadrature 
phase from the maximua should be zero as it is. The scatter is 
saallest when the scale factor is largest. If the model were 
unphysical, the minimum scatter and maximum scale factor would not 
necessarily be related. The scatter is largest at quadrature phase 
where the zero scaling factor disables the model. 180 deg away from 
the maximua scale factor the scatter has a local minimum. The 
direction of the pole is correct but the magnitude of displacement is 
smaller than it should be. 

The results for the three sets A, B, and D are summarized in 
table III. 7. The same procedure applied to set C does not give a 
smooth variation of scale factor with phase lead, a result consistent 
with the poor sensitivity of the data. Sets A and B have nearly 
identical phase leads of approximately 10 deg while set C diverges 
-44 deg. The difference may be caused by the respective time intervals 
covered. Sets A and B both span one year fairly uniformly. Set C 
contains only ten months with a preponderance of data near the 
beginning. More than half the points are in the first month. 
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Table III. 7 Diurnal polar aotion scaling factor with phase corrected 




clock 

phase lead 

RWMS 

RSM5 

scale factor 

error 

scaled error 



tens 

degrees 

nsec 





Set 

A. 

6 

11 

.3*6 

1.27* 

4.03 

.19 

.24 

Set 

B. 

2-4 

10 

1.029 

1.398 

4.12 

.26 

.36 

Set 

D. 

8 

-44 

.201 

1.411 

3-74 

.098 

.14 


Weighted mean scaling factor: 3. 8*1 
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4. Significance test 


The statistical significance of adjusting the single additional 

paraaeter for diurnal polar aotion can be tested using the F 

distribution. Bevingtcn {'*'‘59) defines a quantity F which measures 

the improvement in the fit caused by the introduction of a new 

2 

paraaeter. The reduced chi-square X is used. 


F . X 2 <°-D .-A 2 (°) . 

X X 2 (n)/(N-n-l) 

where 

n = number of parameters 

N = number of data points 
2 

X (n) = reduced chi-square with n parameters adjusted 


The larger the value of F^, the smaller is the probability that the 
improvement in fit is accidental and the larger is the probability that 
the additional parameter is statistically significant. The results for 
the F^ test are given in table III. 8 for sets A, B, and D. The value 
of F which has a given probability of chance occurence depends on the 
number of degrees of freedom in the fit. For 120 degrees of freedom 
the probability (from Bevington table C-5) of F^_ exceeding 11.4 by 
chance is 0.1X. For an infinite number of degrees of freedom the 0 IX 
probability value of F^ is 10.8. F^ values with probabilities less 
than 0.1X would be larger, but table C-5 stops at O.lf. The number of 
degrees of freedom exceeds 120 and F^ is greater than 100 in all three 
cases. Since the value of F is much larger than would occur by 
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Ttble III. 8 F value significance tests for adjustment of diurnal polar 
motion scaling factor 




Set A. 

Set B. 

Set D. 



72/4 - 73/3 

73/8 - 74/7 

76/9 - 77/6 

number of parameters 


131 

159 

177 

number of data points 


1389 

2605 

1597 

degrees of freedom 


1258 

2446 

1420 

chi-squared with model 

off 

2707 

5351 

4629 

chi-squared with model 

adjusted 

2253 

5094 

3181 

F value 

V 


254 

123 

646 


For 120 degrees of freedom, the probability of F exceeding 11 is 0.1%. 

Y 
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chance, the additional diurnal polar motion parameter is statistically 
significant. The level of confidence is considerably better than the 
0.1S level. It should be noted that this test does not mean that the 
formal error of the diurnal polar motion scaling factor is O.lf. The 
additional parameter is not significant in set C. 

G. Comparison with literature 

There is a dearth of literature on the topic of forcea diurnal 
polar motion. The results of four investigations are given in table 
III. 9. Only a single term, the fortnightly component proportional to 
sin(S - 2L), where S is the sidereal time of observation and L is the 
lunar longitude, has been studied. The data are exclusively optical 
based on visual zenith telescope and photographic zenith telescope 
observations taken by the IPMS-ILS, the U. S. Naval Observatory, and 
the Royal Greenwich Observatory. The various optical studies suffer 
from similar limitations. There is a problem of selection inherent in 
using transit, nighttime observations. Instrumental and observer 
personal equation errors are difficult to remove. The effect of 
diurnal and semi-diurnal earth tides on the vertical must be corrected. 
The methods of data reduction analyze the residuals of the individual 
observations relative to a smoothed set of data. The slowly changing 
signature of the lunar longitude rather than the diurnal signature is 
isolated in the data. Only a small set of parameters are adjusted, the 
source positions being fixed. 

Even though there is an overlap in the data used in the different. 
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Table III. 9 Fortnightly diurnal polar notion 


Author 

site 

type 

date 

amplitude 

error 

phase 

error 





arcsec 

arcsec 

deg 

deg 

McCarthy 

Washington 

PZT 

1915-73 






Richmond 

PZT 

1949-73 






Herstmonceux 

PZT 

1958-70 

0.0058 

0.0002 



O'Hora 

Herstmonceux 

PZT 

1958-70 

0.010 

0.002 

7.2 

11. 

Federov 

Carloforte 

VZT 

1900-34 






Mizusawa 

VZT 

1900-34 






Ukiah 

VZT 

1900-34 






Pulkovo 

VZT 

1915-28 






Washington 

PZT 

1931-51 

0.009 

0.001 

14. 

6. 

Morgan 

Washington 

PZT 

1931-51 

0.0067 

0.0013 




PZT photographic zenith telescope 
VZT visual zenith telescope 
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analyses, the results diverge. McCarthy (1976) has the smallest value 
for the amplitude of the fortnightly term (0.0058") but does not 
consider a phase offset. Federov (1963) gives a larger value (0.009") 
and a phase lead of 14 deg. Morgan (1952) presents a value (0.0067") 
consistent with rigid earth theory and considers it confirmation for 
the theory. 0'Hora (1973) finds the largest value (0.010") but the 
corresponding period in the data is anomalous. Because of the 
substantial difference between the VLBI and optical studies in data 
(delay vs zenith angle), the interval of data (5 years vs 73 years), 
the distribution of data (wide hour angle and declination coverage vs 
fixed zero hour angle and station co-latitude), the number of diurnal 
polar motion terms considered (seven vs one), and the methods of 
analysis (simultaneous adjustment of all parameters vs stepwise 
adjustment of a few parameters), any comparison between the VLBI and 
optical results is difficult. 

H. Interpretation of the estimated diurnal polar motion scaling factor 

There are a number of phenomena which are related to diurnal 
polar motion and which might contribute to the large magnitude of the 
estimated scaling factor. These include solid earth tides, nutation, 
and core-mantle interactions. 

I. Solid earth tides 

The lunar and solar torques which drive diurnal polar motion also 
cause solid earth tides. McClure uses Doodson's tidal potential 
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development as a starting point in deriving the various diurnal polar 
motion terms. The periods of diurnal polar motion consequently have 
identical counterparts in the diurnal solid earth tides. The overall 
effects are quite different in character however. The solid earth tide 
has a strong semi-diurnal component as well as a diurnal component. 

The earth tide changes both the length and orientation of a baseline 
while diurnal polar motion only affects orientation. Nonetheless it is 
possible that the two effects are entangled in the data analysis. The 
relative effects of tides and diurnal polar motion and the effect of 
the tide model on estimates of the scaling factor were examined. The 
clock parameterization that previously had given the best results was 
retained . 

The effects of solid earth tides are given in table III. 10. 

Table III. 10 divides the data by large set. The measures of 
scatter, RWMS and RSMS, are given for five conditions: 1) both tide 

amd diurnal polar motion set to zero, 2 ) tide model applied with 
diurnal polar motion zero, 3) polar motion applied with unity scaling 
factor and tide zero, 4) scaling factor adjusted with tide zero, and 
5) scaling factor adjusted with tide model applied. In general the 
reduction in RWMS caused by the tide and polar motion models in the 
absence of the other are approximately equal. With the tide model 
disabled, adjusting the diurnal polar motion scaling factor (case 4) 
reduces the RWMS approximately twice as much as merely applying the 
model with unity scaling factor (case 3). The estimated scale factor 
with the tide model disabled (case 4) is higher than with the tide 
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Table III. 10 Effect of solid e' • tide on diurnal polar notion scaling 
factor 

a. RHMS - root of weighted mean square delay residual (nsec) 

b. reduction froa RVMS with polar action and tide off (%) 

c. RSHS - root of scaled aean square delay residual (unitless) 

d. estimated diurnal polar notion scaling factor (unitless) 

e. formal error of diurnal polar notion scaling factor limitless) 

f. formal error scaled by RSHS (unitless) 

1 . tide and diurnal polar notion off 

2 . tide on, diurnal polar notion off 
3 - tide off, diurnal polar notion or 
4. Mde off, scaling factor adjusted 
5 - tide on, scaling factor adjusted 



a. 

b. 

c . 

d. 

e. 

f. 

Set A. 

72/4 - 73/3 






6 terms 

in each clock polynomial 





I. 

.386 


1.422 




2 . 

.379 

- 1.8 

1.396 




3- 

-371 

-3.9 

1.368 




4. 

-351 

-9.1 

1.294 

4.11 

. 19 

.25 

5. 

.3*6 

-10.4 

1.274 

3.98 

. 19 

.24 

Set B. 

73/8 - 74/7 






2-4 terns in each clock 

polynomial 




1 . 

1.064 


1.445 




2 . 

1.054 

-0.9 

1.433 




3. 

1.052 

- 1 . i 

1.429 




4 

1 -033 

-2.9 

1.404 

4.47 

.26 

.37 

0 . 

1.031 

-3.1 

1.401 

3.96 

.26 

• 36 

Set C. 

75/1 - 76/3 






2 terms 

in each clock polynomial 





1 . 

.54? 


1 . 18 s 




2 . 

.547 

♦0.7 

1.193 




3- 

.^40 

- 0.6 

1.176 




4. 

.5 ’6 

-1.3 

1.169 

3.42 

.71 

.83 

5. 

. S42 

- 0.2 

1 . l9i 

2.96 

.71 

.84 
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Set D. 76/9 - 77/6 


C terms in each clock polynonial 


1 . 

.212 


1.698 




2. 

.242 

♦0.0 

.702 




3. 

.230 

-5.0 

1.613 




1 . 

.221 

-8.7 

1.550 

2.79 

.10 

.16 

5. 

.219 

-9.5 

1.511 

2.92 

.to 

-15 
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aodel applied (ease 5) except in one instance, an indication that the 
two effects can nix. However the MMS is larger in case 4 than in 
case 5 so that the diurnal polar notion adjustment cannot completely 
absorb the tide errors. The difference between the scale factor 
estimates in the two cases is less than \5t- Since the absence and 
presence of the tide aodel changes the scaling factor by only a snail 
anount, it is unlikely that errors in the Love numbers, which scale the 
solid earth tide, account for the aagnitude of the diurnal polar cation 
scaling factor. 

2. Nutation 

Nutation and diurnal polar notion are connected in two distinct 
ways. Kinematically, the amplitudes of nutation and di'imal polar 
notion have a theoretical fixed ratio given by Sasao 0977) as 

M * - — N III. H. 2.1 

ut 

where 

H = diurnal figure polar motion 
n = nutation frequency 
u> = sidereal rotation frequency 
N = nutation of the figure axis 

For each term in a series development of nutation there is a 
corresponding term in diurnal polar motion. The factor n/w reduces the 
amplitude of diurnal polar motion relative to nutation since n<<w. 
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A geometrical relationship causes errors in nutation to map into 
false apparent diurnal polar notion. An error in any coefficient in 
tne nutation series causes a separation between the celestial positions 
of the true celestial pole (the intersection of the spin axis with the 
celestial sphere, hereafter TCP) and the computed celestial pole (CCP). 
When projected back on the surface of the earth, the CCP will be 
removed from the spin pole (the projection of the TCP) by an angle 
equal to the error in nutation. The project ion of the CCP follows a 
circle about the spin pole during the course of a day as the earth 
rotates. Since the CCP rather than the TCP enters into the models used 
to analyze the data, there is an apparent diurnal polar motion. Both 
the amplitude and phase of the apparent diurnal polar motion can change 
as the CCP moves relative to the TCP in the celestial reference frame 
over the period of the corresponding nutation. For example, if the 
nutation error is in a single term, either obliquity or longitude, the 
separation between the TCP and CCP is zero twice in each nutation 
period. At those times the amplitude of the apparent diurnal polar 
motion is also zero. If the errors in obliquity and longitude for a 
single nutation frequency are equal, the CCP moves in a circle about 
the TCP. The apparent diurnal polar motion is constant in amplitude 
but changes phase during a nutation period. The net effect of 
unrelated errors in obliquity and longitude in several nutation terms 
is consequently quite complicated. 

The nutation series of Woolard (1953) is derived from a rigid 
earth. There are discrepancies which have been observed and 
corrections computed from more elaborate earth models. Melchior (1971) 
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has done extensive studies using vertical and horizontal earth tide 
aeasureaents. The Magnitude of a single nutation tens is directly 
related to the Magnitudes of a corresponding pair of diurnal earth 
tides. The total nutation is given by 


Af sin c 




—— (A +A )sin(dw t) 
ou^ i -i 1 


III. H. 2. 2 


Ac - -E l 

where 

A* sin c = nutation in longitude 
Ac = nutation in obliquity 
E = lunar or solar constant 
= sidereal rotation frequency 

do) . “ id . — W 
i l 

Uj = tidal frequency 

A^, A_^ r aaplitudes of the tidal pair 


d 


.ol 


, (A. - A )cos(d «... 

i -i 1 I 


III. H. 2. 3 


The pair of tidal terns associated with a nutation tern has tidal 
freqencies which are the sm and difference of the nutation frequency 
and the sidereal rotation frequency. The semi-major and seni-ainor 
axes for the ellipse of a particular nutation tern can be found from 
the sun and difference of the two associated tidal anplitudes. 

Federov (1959, 1963), McCarthy (1972, 1976), and Wako (1976) give 
values for various nutation terms based on optical observations. 

Sasao (1977) discusses corrections using models by Jeffreys, 
Molodensky, Pederson, and Kakuta. While there are disagreements 
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between different theoretical Models, there is general agreement on the 
experimental results. The errors quoted for the corrected values are 
less than 0.005". 

Helchior ( 1972) proposes changes to four Major terms in the 
nutation series: principal nutation, annual, semi-annual, and 
semi-monthly. The only large term missing has a 9.3 year period. The 
values, corresponding tides, and astronomical arguments are given in 
table 111.11. These values were used to examine the effect of nutation 
errors on the diurnal polar motion scaling factor because they came 
from a single body of data. 

The program VLBI3 uoes values for nutation in obliquity and 
longitude interpolated from tabular entries on the MIT PEP ephemeris 
tape. The PEP tape was made with Hoolard's nutation series. VLBI3 was 
modified to correct the interpolated values to Melchior’s values by 

III. H. 2. 4 

Ae * -0V0086 cos Q + 0'.'OOS6 cos e* + 0V0202 cos 2L' + 070022 cos 2L 

« +OV0442 sin SI + 0'.'0193 sin t* - 0'.’0412 sin 2L’ - 0*.'0043 sin 2L 
¥ III. H. 2. 5 

where 

Q = mean longitude of the ascending node of the lunar orbit 
£' - mean solar anomaly 
L' = mean solar longitude 
L s mean lunar longitude 

The effect of nutation corrections i3 summarized in table III. 12. 
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Table III. 11 Proposed values for nutation coefficients (Melchior 1972) 


period 

days 

tide code 

arguaent 

M sine 

arcseconds 

arcseconds 

6798 

165.5*15 

165.565 

n 

-6.8*08 

♦9.201* 

365 

16*. 556 
l6b.55* 

i' 

♦0.0579 

♦0.0056 

183 

163.555 

167.555 

2L* 

-0.5230 

♦0.572* 

13.7 

1*5.555 

185.555 

2L 

-0.0828 

♦0.0906 


Q = aean longitude of the ascending node of the lunar orbit 
1* = aean solar anoaaly 
L' = aean solar longitude 
L = aean lunar longitude 


- 155 - 



Table III. 12 Effect of nutation corrections on diurnal polar notion scaling 
factor 

a. RWMS - root of weighted aean square delay residual (nsec) 

b. reduction fro* RWMS with no nutation corrections (f) 

c. RSMS - root of scaled aean square delay residual (unitless) 

d. estinated diurnal polar notion scaling factor (unitless) 

a. b. c. d. 

Set A. 72/A - 73/3 

6 terns in each clock polynonial 

old nutation .3*6 1.27A 3.98 

new nutation .3*8 +0.6 1.283 1.53 

Set B. 73/8 - 7*/7 

2-A terns in each clock polynonial 

old nutation 1.031 1.401 3.96 

new nutation 1.028 -0.3 1-397 2.29 

Set C. 75/1 - 76/3 

2 terns in each clock polynonial 

old nutation .5*2 1.181 2.96 

new nutation .505 -6.8 1.102 1.35 

Set D. 76/9 - 77/6 

8 terns in each clock polynonial 

old nutation .219 1.5*1 2.92 

new nutation .137 -37.* .963 2.31 


- 156 - 



The combined data sets were re-analyzed using the best clock 
paraaeterization correcting nutation terms. The effects on RWMS and 
RSMS, which reflect the scatter of the residuals, for each set are 
quite different. In set A the RWMS increases slightly. In set B there 
is a slight decline in RWMS. Sets C and D are much improved by the 
nutation corrections. The reduction in RWMS in set D is quite 
startling, 37%. The iaproveaent appears in all individual sets in 
set D but not uniformly. The r our terms corrected are the largest 
teras in the nutation series except for the 9.3 year term, whose 
coefficients in obliquity and longitude are comparable to the 
seai-aonthly term. A correction of proportional magnitude to the 
9.3 year nutation term has negligible effect on the scaling factor when 
applied to set D. 

The scale factors and phase angles for sets A, B and D are 
summarized in table III. 13 together with the F significance test for 
adjusting the scale factor in the presence of the nutation corrections. 
The diurnal polar motion scale factor is reduced in every data set when 
the nutation corrections are applied. The greatest change occurs in 
3et A even though there is no reduction in the overall scatter of the 
residuals. The weighted mean scale factor from the three sets changes 
from 3.84 without nutation corrections to 2.26 with nutation 
corrections. However the new value is still significantly different 
from unity, which would represent the McClure model. The phase angle 
is also changed by nutation corrections and the scatter in phase is 
reduced. The deviation from 0 deg may not be significant. Although 
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Table 111.13 Diurnal polar notion scaling factor with nutation corrected 




clock 

phase lead 

RUMS 

RSMS 

scale factor 

error 

scaled error 



terns 

degrees 

nsec 





Set 

A. 

6 

-26 

.346 

1.274 

1.74 

.19 

.24 

Set 

B. 

2-4 

22 

1.026 

t.394 

2.55 

.26 

.36 

Set 

D. 

8 

6 

.137 

.960 

2.33 

.10 

.097 


Weighted nean scaling factor: 2.26 

F : set A - 64 
X set B - 48 
set C - 512 
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the F^ values for the inclusion of diurnal polar motion are smaller 
when nutation corrections are applied, they indicate that the inclusion 
of the diurnal polar motion parameter is still statistically 
significant at the 0.1S level. 

The introduction of nutation corrections does change the diurnal 
polar motion scaling factor. However the Melchior corrections alone 
cannot explain the large magnitude since a significant part greater 
than unity remains. It is possible, though unlikely, that the 
remaining discrepancy could be removed by other nutation corrections. 

A correction to the precession constant of 1 . 1 arcsec per century 
(Fricke 1971) has a negligible effect on the diurnal polar motion 
scaling factor and the post-fit residual scatter. 

3- Core-mantle interactions 

The elaboration of the earth model to include distinct core and 
mantle leads to a free diurnal polar motion of the rotation poli. 
Oebarbat (1972) and Yatskiv (1972) present evidence for its ex: stence 
in latitude and time data with a magnitude of 0 . 13 " and a period of 
200 days. However, Toomre (1974) and Rochester et al (1974) point out 
that a much larger corresponding nutation with a period near 460 days 
must also occur but is not seen in their data, putting an upper limit 
of 0.0006" on the amplitude of the free diurnal polar motion. This 
motion is therefore probably not affecting the VLBI data because of its 
small amplitude and because of the long period of its corresponding 
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notation. 


Core-mantle interactions also affect the terms of diurnal polar 
motion directly. Since nutation and diurnal polar motion have a fixed 
kinematical relationship, proportional effects should occur in both. 
Sasao (1977) and Melchior (1971) list the scaling of various nutation 
term3 for different earth models and nutation frequencies. The effect 
on the amplitude of nutation is less than 50 % for all models and 
frequencies. The core-mantle effect is less than 20# except for a few 
frequencies where a resonance occurs. Since the change in the 
amplitude of diurnal polar motion is proportional, the change is too 
small to explain the large estimated scale factor. 

McClure (1976) considers another core-mantle effect that is 
potentially important although the exact implications are far from 
clear. Using a generalized, rigid shell, inertial coupling model, he 
finds that both the free core mode and a resonant response to the 
166.554 tide can lead to a large reparation between the spin vector and 
angular momentum vector without a corresponding large nutation term. 

He calculates the separation to be 0.20" for the free mode and 0.006" 
for the resonant mode. When viewed in the inertial reference frame the 
spin vector rotates around the angular momentum vector with periods of 
347 days and one year, respectively. The separation of spin and 
angular momentum leads to a correction in time given in III. C. 11. 

Since the free mode separation is so large, it may affect the scaling 
of the time correction in the diurnal polar motion matrix D even though 
the celestial period is different from the periods of the terms in 
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diurnal polar motion. However, since the period is long compared to an 
observing day, the effect may be absorbed in the UT1 adjustment. 

Other effects 

There are other phenomena which affect the data and may influence 
the estimated diurnal polar motion scaling factor. These include 
effects which are not modeled or are poorly modeled. In the first 
category are source structure, the ionosphere, and hardware problems 
such as cable length variations, antenna flexure, and unknown 
characteristics of the electronics. In the second class are the dry 
and wet components of the atmosphere. It is impossible to assign exact 
numerical values to each effect. However, some very rough comparative 
estimates can be made. Cable lengths and antenna flexure tend to have 
solar diurnal signatures because of temperature and sunlight variations 
over a day. Their effects on the delay observable are not strongly 
dependent on the particular source. The unknown characteristics of the 
electronics should be largely independent of source and time of day. 
Since these effects are source-independent and do not have the same 
long term behavior as diurnal polar motion, they would be expected to 
have a very small effect on the scaling factor. Source structure 
affects delay depending on the size and complexity of the observed 
sources. Apparent changes in position over a day and over a year 
probably affect the data somewhat more than does the hardware. The 
ionosphere, while having wide variations, should be absorbed to a great 
extent in the much larger adjusted atmosphere parameters. It has a 
strongly solar diurnal signature in contrast to the sidereal signature 
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of diurnal polar motion. Consequently, the ionosphere should hav° an 
effect less than that of source structure. Variations of tne 
atmosphere delay over a day, especially in stormy weather, are not 
adequately modeled in the present analysis. Such variations should not 
map strongly into the diurnal polar motion scale factor however. The 
atmosphere variations are independent of source and have irregular time 
scales. The effect of the atmosphere is greatest when a source is near 
the horizon while the effect of diurnal polar motion is quite often 
largest when the source is high. Because the overall atmospheric delay 
is large compared to the other phenomena, the effect of the dry and wet 
component variations is likely to be somewhat larger. The combined 
effect of all these phenomena on the diurnal polar motion scaling 
factor is probably an error of less than 10$. 

5. Conclusions 

Errors in the solid earth tide and nutation models do not fully 
explain the magnitude of th‘- diurnal polar motion scaling factor, 2.3 
-*■/- 10$ compared to 1 for McClure's model. Rescaling of diurnal polar 
motion to account for simple core-mai.t j e interaction is likewise 
inadequate to explain the observed effects. Investigation is required 
of more complex earth models perhaps incorporating dissipative arid 
magnetic core-mantle coupling and Of the effect of large spin-angular 
momentum separation described by McClure. 
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Chapter IV. 


SIMULATION OF HIGH PRECISION INTERFEROMETRIC EXPERIMENTS 

The purpose of experiment simulation is twofold: 1) to determine 
the necessary conditions for achieving a particular result and 2) to 
get the best results given particular conditions. The two are related 
tut the emphasis is different. For the first the motivating interest 
is to stuly d. ent configurations of stations, equipment, 
observation schedules, parameter sets, physical models, and external 
constraints to 3ee if a particular parameter or set of parameters can 
be measured with a required precisior. The latter is of interest when 
an actual experimental configuration exists and the remaining free 
conditions, usually the observation schedule and the parameter set, are 
optimized to achieve the best results for different parameters. In 
„his chapter I will first review vhe mathematical foundation used for 
experiment simulation. I will then analyze three measurements for 
which high precision incerfi romet-y could be used: 1) determination of 
the relativistic light deflection parameter by WOVLBI observations near 
Jupiter, 2) monitoring of polar motion and UT1 using the Mark III 
system, -ad 3* baseline determination with optimized schedules. 

A. Statistical theory 

This section develops the mathematical basis for experiment simulation 
and error analysis. 
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The terms precision and accuracy will be used with the following 
meanings. The precision of a particular parameter is the ronnal error 
associated with it by statistical analysis of a set of observations. 
The accuracy of a parameter is its agreemert with the actual physical 
value . 


1 . Least squares covariance analysis 

A basic approach for simulating an experiment is to use least 
squares covariance analysis. One begins with N observations that can 
be modeled by 

0 = F(X) ♦ e IV. A. 1 . 1 


0 = vector of measured observable values (dimension K) 
X = set of parameter - to be adjusted (dimension M) 

F = mathematical models for the effect of X on 0 
e s vector of observation errors (dimension N) 


The equations are linearized by expanding, for the ith equation. 


3F. 


F i‘» - W * ] Tx‘ - h 


IV. A. 1.2 


In matrix form. 


F(X) = F(X Q ) + Bx 


IV. A. 1.3 
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F(X^) s mathematical Models evaluated at the noainal parameter 
values which are assuaed to be close to the true values 
z computed values of the observables (diaension N) 

B = Matrix of observation partials (diaension N by M) 
x z vector of paraaeter corrections (dimension M) 

The N linearized equations for observed - coaputed are then 

z - 0 - IV. A. 1.4 

= Bx + e 


The least squares solution x(ls) is identified by minimizing the 
aean square observation error. 


J 


N 

l 

i-1 


T 

■ e e 


IV. A. 1.5 


Then 


J(x) 


(z - Bx) T 


(z - Bx) 


IV. A. 1 .6 


If aore than one x minimizes the aean square error J, then x(ls) is 
further specified by minimizing the scalar length of x, 

i i /C 2.1/2 

|x| = (2.x ) IV. A. 1.7 

J(x) is non-negative and quadratic in components of x so that a 
necessary and sufficient condition for a minimum is that the first 
variation dJ(x) equals zero. Differentiating the matrices and 
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rearranging the transposes 


dJ (x) - d[(z - Bx) T ](* - Bx) -*• (z - Bx) T d [2 - Bx) IV. A. 1.8 

- (-Bdx) T (z - Bx) + (z-Bx) T (-Bdx) 

T T T T T T T 

* dx l (B Bx-B z) + [dx (B Bx - B z] 

For dJ(x) to vanish for all variations in dx, x must satisfy the normal 
equation 

T T 

B Bx - B z IV. A. 1.9 

If N > M and (BT B) is non-singular, then 
T -IT 

x(is) - (B B) B z IV.A.1.10 

If the observation errors are random variables with zero mean and 
the equations have been normalized, then 

Et e ] = 0 IV.A.1.11 

COV[ e ] = E[e e T ] = I = unit matrix of order N IV. A. 1.12 

E[ ] = expectation operator 
COV[ ] = covariance 

The e»H«ctation operator is linear oc that 

E[ A x E ♦ C y D ] = A E[ x ] B ♦ C E[ y ] D IV. A. 1.13 
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A, B, C, L> = deterministic matrices 
x, y - random matrices 


Substituting in the normal equation for z, 


B T Bx(ts) - B T z - B T (Bx + e) « B T Bx + B T e 

B T B(x(ls)-x) » B T e 
T -1 T 

xiis) -x ■ (B B) Be 

Then 

E[x(ts) - xj - EUB T B) _1 B T e] - (B T B) _1 B T E[e } - 0 


IV.A.1.14* 
IV. A. 1 . 14c 
IV. A. 1. 14c 


IV. A. 1 - 15 


The expectation value of x(ls) is the same as the expectation value of 
x. The covariance of the estimate is given by 

COV[x(fs)-x] - E{(x(fs) -x)(x(£s) -x) T ) IV.A.1.16 

T -1 T T T -1 T 

= (B B) *B E[ee ] B{ (B B) 

* (B T B)' 1 B T I B(B T B> -1 = (b t b)~‘ 


Tf the normalization is included explicitly, then 


x(ts) = (B T WB)~ 1 B i V?z 
COVjx(ts) - x] = (B l WB) 


IV. A. 1 . 17 
IV. A. 1 . IS 


where 
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w -1 - Elee T ] 

It should be noted that any correlation between observation errors is 
explicitly included in W. However, the case usually considered assumes 
that W is diagonal and that the errors are randoa. The difficulties in 
handling correlated noise will be mentioned in a section IV. A. 3 . 

The least squares covariance adjusting only the parameters of 
interest and using observation errors based on the quality of the 
original observations gives the most optimistic values for the formal 
errors in estimating those parameters. The parameters of interest are 
those for which the experiment was performed, e.g., baseline length or 
UT1 offset. Essentially it is assumed that no other phenomena 
affecting the theoretical observables exist or that any other effect r 
are perfectly modeled. f->nce, simple covariance analysis can only ie 
used for rough experiment simulation. 

2. Enlarged parameter set 

The next step to more realistic parameter estimates is to 
increase X, the set of adjusted parameters, to include parameters of 
perhaps no intrinsic interest but whose variation affects the value of 
the observables. For VLBI observations these include tropospheric 
delay and clock behavior polynomials. Another set of parameters to be 
added would be those from models of secondary interest whose nominal 
values may not be precisely known, e.g., precession, solid earth tides, 
polar motion, and UT1 variation. An experiment simulation based on 
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this larger parameter set would give a acre reasonable r$> iaate of the 
foraal errors of the paraaeters of interest. 


There are soae difficulties which arise froa a larger paraaeter 

set. As the covariance matrix expands, the ability to estimate any one 

parameter declines and the foraal error increases. At worst, 

especially if the added paraaeters are strongly correlated with the 

initial set because of similar time signatures, the normal matrix 
T 

(B W B) may become ill-conditioned. The resulting estimates of the 
paraaeters would be distorted by relatively small errors and the foraal 
errors would not be a good measure of the accuracy of the estimation. 

It is necessary to be somewhat restrictive in the choice of parameter 
.et. 


A second difficulty is related to possible biasing of the 
estimates of the parameters of interest. If the added parameters are 
ad hoc, e.g., additional clock polynomials or additional terms to a 
given clock polynomial, they may absorb corrections which physically 
belong in other models. While the post-fit residuals may improve, the 
parameter estimates for the parameters of interest may be less 
accurate. A simulation based on such a parameter set would not give 
the correct estimate of the accuracy that can be achieved from the 
data. The true accuracy might be considerably better. 

3. Errors rind error models 

If it is not possible to adjust all the parameters that affect 
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the observables, it is necessary to predict how various error sources 
will affect the paraaeters that are adjusted. There are several types 
of errors and error aodels that should be distinguished. 

The first type of uncertainty is aeasureaent uncertainty, the 
precision with which an observable can be measured. In VLBI 
observations, this error is determined by signal to noise ratio, 
observing bandwidth, integration tine, and ultimate clock stability. 
This error is inherent in the observable and can be improved by 
changing the physical experiment configuration. For exaaple, the 
system noise temperature could be decreased and the recorded bandwidth 
increased. To soae extent aeasureaent precision is liaited by the 
processing used to obtain observable values from the raw data and could 
be changed by different processing algorithas. This type of error will 
be referred to as the signal-to-noise error (SNE). The uncertainty 
associated with adjusted paraaeters when only aeasureaent uncertainty 
is included in the analysis will be referred to as noise-only error 
(NOE). SNE is related to the original measurements while NOE js the 
result of parameter estimation. 

Another type of error is a systematic error for which a 
mathematical model is not available. An exaaple is variation in the 
length of the cable which carries the timing prise to be injected with 
the incoming signal. Since there is no way of parameterizing the cable 
delay, the delay must be aeasured to account for the timing error and 
to reduce it to a measurement uncertainty. Other errors of this type 
include dispersion within the electronics and antenna geometry 
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di s torsion 


In error My arise fro* random or correlated fluctuations in a 
physical effect. For example, patchiness in the ataosphere can cause 
correlated variations in the observables. Likewise, density variations 
over tiae can affect the observables. The station frequency standards 
probably also have identifiable fluctuations. While such effects can 
be characterized by coherence lengths and and tines, the resultant 
change in the observables is statistical rather than deterministic . 

The effect on a single observation cannot be sodded , only the effect 
of the correlation between observations. As a practical Batter, it is 
desirable to measure such effects directly and reduce the error to a 
measurement uncertainty. Unfortunately the behavior of the frequency 
standards is not easy to monitor and cannot be treated in detail except 
statistically. Statistical error models are less tractable and will 
not be discussed further. 

Inaccuracy or lack of precision in a parameter of a deterministic 
physical model causes a systematic erro.‘ in the theoretical values of 
the observables. If the parameter is not ao Justed, the error is 
absorbed by the parameters that are adjusted. A model error propagates 
into the parameter estimates in a manner dif r ?ret*t from measurement 
uncertainties. While a single uncorrelated measurement error only 
affects how strongly a particular observation enters into the final 
adjustments, a model error causes a systematic bias in tne estimated 
parameters. A simple covariance analysis cannot take su^h systematic 
errors into account. Errors of this type include th** Love numbers in 


171 - 



the solid earth tide aodel , the precession constant, and the geographic 
pole position. The tera Modeled error (HDE) will be used to describe 
the error in adjusted parameters caused by such errors in parameters 
which are not adjusted. The term model error will refer to the 
uncertainty in a parameter of a model. 

Finally, errors may arise because of the inadequacy of a model. 

If a model is physically incorrect, there is no way of predicting the 
actual impact of the physical effect on the adjusted parameters. 

Errors of this type can only be eliminated by new models. 

4. The effect of model errors on adjusted parameters 

The statistical basis for the treatment of aodel errcrs (errors 
in the unadjusted parameters) is an extension of simple least squares 
covariance analysis. Corresponding to the simple case, the 
observations are modeled by 

0 = F(X,Y) ♦ e IV. A. 4.1 

0 = vector of measured values for the observables (dimension N) 
F(X,Y) a aodel equations for the effect of X and Y on 
the observables 

X = set of Ml adjusted parameters 

Y = set of M2 unadjusted parameters 

e a vector of observation errors (dimension N) 
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For the 1th equation, 


F 1 (X,Y) 


r w i r S, l 

WV + [ *3 + 


IV. A. 4. 2 


In matrix notation, 


F(X,Y) - Fff^) + Bx + Cy 


IV. A. 4. 3 


F(Xq,Yq) = aodel equations evaluated at the nominal parameter 

values which are assumed to be close to the true values 
= computed observable values 

B = matrix of partials for adjusted parameters (dimension N by Ml) 
x = vector of parameter adjustments (dimension Ml) 

C = matrix of partials for unadjusted parameters (dimension N by M2) 
y = vector of unadjusted parameter errors (dimension M2) 

Then the linearized equations for observed - computed are 


z = Bx + Cy + e 


IV. A. 4. 4 


The least squares variational requirement is unchanged since the 
variation is only in the vector x and the sum of the observation and 
modeled errors (MDE) is to be minimized. Therefore, 


T -IT 

x(is) - (B*B) a B z 

- (B T B) _1 B T (Bx+ (Cy + e)> 


IV. A. 4. 5 
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« x + (B T B)" 1 B T (Cy + e) 

The error in estimating x is 

x(ts) - x - (B T B) _1 B T (Cy + e)) IV. A. 4. 6 

The estimated covariance of x(ls) - x is given by 

COV[x(ls) -x] - E[ (x(ls) -x)(x(. -x) T ] IV. A. 4. 7 

- F.[(B T B) -1 B T (Cy + e){ (B T B) -1 B T (Cy + e)} T ] 

Assuming that the unadjusted parameter errors are uncorrelated 
with the observation errors, 

E[ye T ] - 0 IV. A. 4. 8 

and that the observation errors are zero mean, uncorrelated and 
normalized , 

E[e] = 0, E(ee T ] * I IV. A. 4.-9 

then, 

C0V[x(is) - x] - E[((B T B) -1 B T Cy + (B T B) -1 B T e) IV. A. 4. 10 

{(Cy) T ((B T B)~ 1 B T ) T +e T ((B T B)‘ 1 B T ) T }] 

- (B T B)' 1 B T E[ee T ]((B T B)' 1 B T } T 

+ (B T B)- 1 B T C E [y y T ] C T { (B T B)~ 1 B T } T 
* (B T B) _1 + (B T B) _1 B T CC0V[y] { (B T B) -1 B T C} T 
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COV[y] « E[y y T ] IV. A. 4. 11 

= covariance matrix associated with the unadjusted 
parameter errors 

If the normalization is included explicitly, 


IV.A.4.1Z 

r.ov[x(is) - x) = (b t wb) _1 + (b t wb> -1 b t wc cov[y] {(b t wb) -1 b t wc} t 

where 

-1 T 

W = E[ee ] 

The covariance of the adjusted parameters divides conveniently 
into two parts, one part identical to the covariance from a simple 
least squares analysis, the NOE covariance, end the other part related 
to model errors in the unadjusted parameters. In general the 
unadjusted parameter covariance, or MDE covariance, is dominant. 

The algorithms developed in this section are implemented in the 
experiment simulation and error analysis program ESTIM described .n 
appendix D. Ti put of ESTIM is the projected noise-only error 

(NOE), modeled error (KDE), and total error (the root-sun-square of NOE 
and MDE) of the adjusted parameters for the observing configuration and 
schedule under study. 

B. Measurement of the gravitational light deflection parameter 
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Several experiments have been performed to measure gravitational 
light deflection using interferometers (Counselman et al 1974, 

Weiler et al 1975, Fomalant et al 1976). The Wide-Band Optical Very 
Long Baseline Interferometer described by Currie (1976 '977) could be 

used to perform similar Experiments. A number of simulations to test 
whether better results can be achieved are described in this section. 

1 . Occultations by Jupiter 

The statistics of stellar distribution indicate that occultations 
of stars by Nr'ie- "■> e but not unknown. The ESAENA lists twelve 

predicted oe x-, r j ,.irs brighter than ninth magnitude in the 

years 1955-61, inc^ .;iv . . The SAO Star Catalog lists an average of 6 
stars per square degree down to tenth maf itude with a maximum of 14.8 
stars per square degree for the SAO grid rectangle in the direction of 
the galactic center. Jupiter travels approximately 45 degrees per year 
including retrograde motion. Using a figure of 5 stars per square 
degree an assuming a 90 arcsecond band (one Jupiter radius on either 
side), 5.6 events occur in a year. Since on the average half the 
events will occur during 'aylJ.ght at any particular location and 
therefore be unobservable, the number of possibly useful events per 
year is approximately two. When Jupiter is in the direction of the 
galactic center, the number of possible events could be doubled. 

The effect of gravitational light deflection is to change a 
star's apparent position by 
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IV. B. 1 . 1 


m. 

c r 

where 

® = gravitational radiua of the perturbing body 

c 

M - B -55 

G * grav tational constant 
c a speed of light 
r a linear distance fro* star vector to center of deflecting body 


On the liab of the sun or - 1.75 arcseconds. Corona scintillation aakes 
radio observations near the sun very difficult. For past VLRI 
observations the close Unit has been approximately ten solar radii, 
where the deflection is one-tenth than at the liab. The mass of 
Jupiter is one-thousandth that of the sun while the radius is one- tenth 
that of the sun. Light deflection at the liab of Jupiter is then 
one-hundredth that at the solar liab. Since optical observations can 
be taken much closer to Jupiter than radio observations near the sun, 
the difference in observed effect may only be reduced by a factor of 
ten. In addition, Jupiter's average rate of notion is one-tenth the 
sun's. Consequently an observed object remains in the vicinity of the 
deflecting body for a longer time. 

2. Algorithms for oodeling the light deflection parameter 


Two algorithms were used to modal deflection to test uifferent 
methods of data analysis. The first is a straightforward extension of 
the solar algorithm described in chapter II with the gravitational 
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radius of the sun ( 1*176-6*1 ■) replaced by the corresponding number for 
Jupiter ( 1.40988 a). The second is a three paraaeter model designed to 
exploit the syaaetry of observations. 

Assuming that a star aoves by Jupiter with uniform velocity 
(figure IV. 1), the aotion can be characterized by an impact paraaeter 
p, a speed v , and a tine of closest approach t^. At any given tiae the 
angular distance between the star and the center of Jupiter is d while 
the angular distance along the star's path to the point of closest 
approach is f. By syaaetry, the scalar deflection at times tj_ = tg - t 
and = tg ♦ t will be equal. The deflection will be aaxiaue at 
t = tQ and the magnitude will be inversely proportional to the iapact 
paraaeter p. Estimating p and t^ from the data eliainates the problem 
of aeasuring the iapact paraaeter by other Beans. 


The change in the star's apparent position is 


As * gA IV.B.c. 1 

where 

g = magnitude of deflection 
A = unit vector from Jupiter to the star 


g 


where 


4(1 + y) 
2 Rj r 


IV.B.2.2 


Y = deflection parameter 
Rj = gravitational radius of Jupiter 

r = linear distance between center of Jupiter and star vector 
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JRH 

11-77 



Then 


where 


_ , Mi±ll 

8 2d 


4 CM 


2 ts 

c D 

D - distance from observer to Jupiter 
d = angular distance fro« center of Jupiter to star 

Ignoring the curvature of the celestial sphere. 


2 2 1/2 
d - (p +f ) '* 


With a constant linear velocity, 
f - v(t - t Q > 

where 

v r angular speed 

t n = tiwe of closest approach 


Then, 


f - -d cos 0 
p * d sin 0 

where 

0 = angle between the star's velocity vector relative 

and the star-Jupiter vector 


IV.B.2.3 

IV.B.2.4 


IV.B.2.5 


iV.B.2.6 


IV.B.2.7 
IV. 9. 2. 8 

to Jupiter 
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The delay observable is given by 


t - b • s IV.B.2.9 

where 

b = instantaneous baseline vector in t lits of light tiae 
s = unit vector in the direction of the star 

With the effect of deflection included, 

t - b • (s + As) IV. B. 2. 10 

- b * (s + gA) 

The partial derivatives of delay with respect to the deflection 
parameters are: 


?> 


ii 

3 P 


(b • A) - (b * A) ~ 


1+iJ. ,_2 . ,2 v l/2 

3p 


(b • A)k ( P ‘ + f~) 


... 1 + > sin P 
(b • A)k — r- ~— 

d" 


(b • A)k 



IV. B. 2. 1 


IV. B. 2. 12 


2t 

if 


.U 1 + 'l 3 , 2 ,2.1/2 

(b • A)k — (p + f ) 

“ 0 

(b ' A)k ~ 1 -P ^ (-V) 


(b • A)k 



if 



IV. B. 2. 13 
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The wits of Y, p, ana are dimensionless , arcseconds, and seconds, 
respectively. 

A subroutine was used to compute the apparent position and polar 
angular radius of Jupiter. Values of apparent right ascension and 
declination and true geocentric distance were obtained by 
fourth-difference Everett interpolation of daily tabulated values taken 
from the AENA for 1975. Fictitious stars were located in the sky to 
simulate occultations over a range of conditions. The times of 
occultation were approximated ignoring parallax and Jupiter's 
ellipticity. A star was considered occulted when the angular distance 
between the star and the center of Jupiter was less than the 
interpolated angular radius. Any observations scheduled during 
occultation were automatically ignored. 

The parameters used in the following simulations based on 
suggestions by Prof. Currie are given in table IV. 1. The five 
observation periods used are summarized in table IV. 2. Each night's 
observations spanned approximately nine hours. The results for the one 
parameter deflection model are first described for all observation 
periods. The three parameter model results are then discussed. 

3. Observations at Jupiter's stationary poi.it 

The period Dec 8 - 11, 1975 was chosen for minimum motion of 
Jupiter. During this time Jupiter moved only 2 seconds in right 
ascension and 3**" in declination. At the epoch of occultation Jupiter 
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Table IV. 1 Parameters for Jupiter occultation simulations 


model errors: 

site cartesian coordinates 
source right ascensions 
source declinations 
earth tide Love h 
earth tide Love 1 
diurnal polar motion scale 


.01 mm 

.0667 millisec 
1. milliarcsec 
.05 
.01 


.2 


length of observation 10 min 

measurement uncertainty .016 picosec 


location of baselines 


Greenbelt, MD 


sit-e longitude 

north 283 deg 9’ 25. *3" 

south 283 deg 9' 25.43" 

east 283 deg 10* 6.95" 


latitude 

E 38 deg 59' 54.43" N 
E 38 deg 59’ 22.09" N 
E 38 deg 59' 54.43" N 


baselines 

north-south 

north-east 

south-east 


polar 
775.106 m 
0 . 

-775.106 m 


equatorial 
627.533 m 
1001.281 m 
1181.731 m 


length 
997.290 m 
1001.281 m 
1413-250 m 


- 183 - 



Table IV. 2 Observation period parameters for Jupiter occultations 


1 . number of observations 

2. number of sources observed 

3. times observed 

4. elevation angle range 

5. initial right ascension of Jupiter 

6. final right ascension of Jupiter 


7. initial declination of Jupiter 

8. final declination of Jupiter 

9. motion in right ascension 

10. motion in declination 

11. source right ascension(s) 

12. source declination(s) 

13* epoch when central source on limb 


Dec 

8-11 

Dec 8-11 

Mar 20 

1. 

162 

162 

54 

2. 

1 

3 

1 

3- 

12/8 20:00 - 12/9 04:50 

same 

3/20 12:51 - 21:41 


12/9 20:00 - 12/10 04:50 

same 

3/20 12:52 - 21:42 


12/10 20:00 - 12/11 04:50 

same 


4. 

15 deg - 56 deg 

same 

17 deg - 50 deg 

5. 

0 hr 56 min 31.696 sec 

same 

0 hr 3 min 20.259 sec 

6. 

0 hr 56 min 29.632 sec 

same 

0 hr 3 min 39.902 sec 

7. 

4 deg 30* 11.35" 

same 

- 48' 25.52" 

8. 

4 deg 30’ 45.73" 

same 

- 46* 18.04" 

9. 

2.064 sec 

same 

19-643 sec 

10. 

34.38" 

same 

127.48" 

11. 

0 hr 56 min 29.632 sec 

same 

0 hr 3 min 30-303 sec 



same 




same 


12. 

4 deg 31' 6.40" 

4 deg 11* 6.40" 
4 deg 31’ 6.40" 
4 deg 51' 6.40" 

-0 deg 47' 35-78" 

13. 

12/11 04:48 on N limb 

same 

3/20 17:22 on S limb 

Oct 

12 

Oct 11-13 


1 . 

54 

162 


2. 

1 

1 


3. 

10/12 00:31 - 10/12 09:21 

10/11 00:35 - 10/11 09:25 
10/12 00:31 - 10/12 09:21 
10/13 00:27 - 10/13 09: 17 

4. 

21 deg - 57 deg 

same 


5. 

1 hr 15 min 49.660 sec 

1 hr 16 min 19.766 

sec 

6. 

1 hr 15 min 38.538 sec 

1 hr 15 min 8.392 

sec 

7. 

6 deg 16' 34.91" 

6 deg 19* 36.08" 


8. 

6 deg 15' 28.06" 

6 deg 12’ 27.08" 


9. 

11. 122 sec 

71.374 sec 


10. 

66.85" 

429.00" 


11. 

1 hr 15 min 44.026 sec 

same 


12. 

6 deg 16' 24.27" 

same 


13. 

10/12 05:00 on N limb 

same 



- 184 - 



was stationary in right ascension, raving only 0.1 seconds during the 
interval from 12/10 20:00 to 12/11 04:50. The north-south baseline is 
■ore sensitive to deflections in declination. The fictitious source 
was therefore positioned to be on the north liab just prior to 
occultation to maximize the change in declination. During the last 
night of jbservation Jupiter aoved northward at a rate of 20" or one 
seai-diaaeter per day. Since the distance between Jupiter and the 
source in right ascension was always less than the distance in 
declination, the north-south component of deflection always exceeded 
the east-west component. Three nights of observation were used to 
increase the time in which the deflection was measured. 

The simulation results for a single relativity parameter are 
given in table IV. 3. All the errors are unitless. Each column 
corresponds to a different set of adjusted parameters. Each row lists 
the MDE caused by the indicated model error. Taking only the 
measurement error of 0.016 picoseconds and adjusting only the 
relativity parameter, the projected NOE is 1.9%. Any improvement in 
measurement error would affect this number proportionally. Including 
the model errors, the projected MDE in the relativity parameter is 41%, 
an indication that an experiment represented by this set of model 
errors and parameters is not useful. The largest contribution to the 
MDE is the site v-coordinate . If the site coordinates are also 
adjusted, the equivalent of adjusting the baseline, the NOE is 
increased to 4.7% while the MDE drops to 7-9%. However, the estimation 
is poorly conditioned, and the four parameters may be inseparable. In 
the two previous cases it was assumed that the position of Jupiter 
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Table IV. 3 Errors for relativity parameter, Dec 3-11, 1 source schedule 

A. relativity parameter adjusted 

B. relativity parameter and north site coordinates adjusted 

C. relativity parameter and source declination adjusted 

D. relativity parameter, source declination and right ascension adjusted 


Unadjusted parameter 

A 

B 

C 

D 

north site x-coordinate 

.086 


-.185 

.003 

north site y-coordinate 

-.343 


-.076 

-.013 

north site z-coordinate 

035 


-.000 

-.000 

source right ascension 

.002 

.0 

-.060 


source declination 

.176 

.0 



Love h 

-.078 

-.029 

-.021 

-.032 

Love 1 

.002 

-.001 

.008 

-.003 

diurnal polar motion 

-.051 

-.073 

-.076 

-.072 

noise error 

.019 

.047 

.045 

.047 

total modeled error 

.407 

.079 

.223 

.080 

total error 

.408 

.092 

.228 

.093 



relative to the source was known from other data. Since ephemerls 
positions or optical determinations are unlikely to be better than 
0.1", the assumed model error of 1 milliarcsecond is probably extremely 
optimistic. Increasing the assumed position model error to 0.1" would 
make it the dominant error source. Two simulations were done including 
declination and both declination and right ascension in the adjusted 
parameters to remove the source position as a source of MDE. The NOE 
in the relativity parameter remains 4.51 and 4.7* for the two cases. 

If only the declination is included, the total MTE in the relativity 
parameter is 221. The largest error contributions are the equatorial 
coordinates of the site but the other errors are significant. Where 
both right ascension and declination are included, the MDE is 81 with 
the diurnal polar motion being dominant. 

Another experimental configuration is to observe several sources 
and to use differenced observations. Although it was not possible to 
simulate this condition exactly, a series of simulations using three 
sources was examined to approximate the configuration. The results 
appear in table IV. 4. The sources were positioned on a north-south 
line to enhance the measurement of deflection in declination and were 
observed in a regular sequence. The spacing of the sources was 
comparable to the star density assumed in estimating the number of 
usable events per year. The approximation should be fairly good. The 
algorithm for using differenced data requires that the corresponding 
partial derivatives be the differences of the partial derivatives of 
the original observations. If one source is much farther from Jupiter, 
its partial derivatives with respect to the relativity parameter are 
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Tible IV. 4 Errors for relativity parameter, Dec 8-11, 3 source schedule 

A. relativity parameter adjusted 

B. relativity parameter and north site coordinates adjusted 

C. relativity parameter and source declinations adjusted 

D. relativity parameter, source declinations and right ascensions adjusted 

E. relativity parameter, north site coordinates, source right ascensions 
(except for one source), and declinations adjusted 


Unadjusted parameter 

A 

B 

C 

D 

E 

north site x-coordinate 

.080 


-.217 

-.000 


north site y-coordinate 

-.340 


-.075 

-.001 


north site z-coordinate 

.305 


-.000 

-.000 


source 1 right ascension 

-.001 

-.00? 

-.000 

-.000 

.0 

source 1 declination 

VO 

O 

O 

I 

-.083 




source 2 right ascension 

.000 

.000 

-.070 



source 2 declination 

. 175 

.163 




source 3 right ascension 

.000 

.002 

-.000 



source 3 declination 

.005 

-.081 




Love h 

-.077 

-.007 

-.Old 

-.032 

-.031 

Love 1 

.003 

.000 

.011 

-.001 

-.001 

diurnal polar motion 

-.052 

-.017 

-.083 

-.080 

-.080 

noise error 

.032 

.038 

.078 

.083 

.083 

total modeled error 

.403 

.201 

.255 

.086 

.086 

total error 

.404 

.205 

.267 

. 120 

.119 
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small and hence the differenced partials vary only slightly from the 
partial derivatives of the close source observations. Differencing 
decreases the number of data points by a factor of m/n, where n is the 
number of sources observed and m is the number of reference sources, 
assuming all the sources are observed the same number of times. This 
effect is mimicked by including in the simulations the observations of 
the reference sources. Their contributions to the estimation of the 
relativity parameter is small because of their distance from Jupiter. 
Using differenced data weakens the estimation of the r.on-relativity 
parameters if they are included in the adjusted parameters. The 
sources cannot be very far apart so that the observing geometry is 
nearly the same. The partial derivatives which depend on the overall 
geometry will be comparable from source to source. Only the relativity 
partials differ markedly from ooservations of the distant reference 
source to the occulted st'urce. Consequently the differenced partials 
for parameters such as declination and site position will be smaller 
than the partials from the individual observat ions , thus reducing their 
contribution to the normal matrix. The degradation of the 
non-re ' ativity parameters is not considered in the three source 
simulations since the partials from the reference source observations 
were included. 

If only the relativity parameter is adjusted, the NOE for the 
three source schedule is 3.24, a factor of 3/2 worse than the one 
source schedule. Tee MDE remains essentially the same since the site 
coordinates again dominate. With the site coordinates also adjusted, 
the NOE is 3.81 with a 204 MDE. In this case the largest errors come 
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from the source declinations. The problea of determining the position 
of Jupiter relative to the sources remains. Adjustment of the 
relativity paraaeter and the source declinations leads to a NOE of 3-8% 
and a HDE of 26%. As in t'.;e one source case, the contribution of the 
site equatorial coordinates is the largest. If the source right 
ascensions are also included in the adjusted paraaeters, the NOE is 
8.3% while the HDE is 8.6%. Including the site coordinates as well 
does not change the errors significantly. Diurnal polar notion 
contributes the largest HDE in th - * last two cases. Since the assumed 
error for diurnal polar notion is _nly 20%, the actual HDE aay be 
considerably larger. The adjustaent of a relativity paraaeter, the 
source positions and the site coordinates represents an alaost coaplete 
estimation of the aajor parameters. Therefore the NOE of roughly 10% 
in the relativity parameter is the ainiaua error for this experimental 
configuration and method of analysis, given the assumed measureaent and 
model errors. 

A three site, three baseline configuration was examined to see if 
the addition of an east-west baseline and more observations would 
change the errors significantly. The results are shown in table IV. 5. 
Both the one source and three source schedules were tried in 
simulations adjusting only the relativity parameter. While the NOE is 
reduced by one third to 1.3% and 2.3% respectively, the HDE increased 
slightly to 47%. The dominant errors are still the site coordinates. 
The other adjusted parameter sets were not pursued but probably would 
not give results much different from the corresponding one baselrne 
results. 
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Table IV. 5 Errors for relativity paraaeter, Dec 8-1 i, 3 site schedules 

A. relativity paraaeter adjusted, 1 source observed 

B. relativity par~aeter adjusted, 3 sources observed 

Unadjusted paraaeter A B 


north site x-coordinate 

.062 

.058 

north site y-coordinate 

-.205 

-.202 

north site ^-coordinate 

.021 

.021 

south site x-coordinate 

-.073 

-.067 

south site y-coordinate 

• 336 

.332 

south site z-coordinate 

-.03* 

-.03* 

east site x-coordinate 

.011 

.008 

east site y-coordinate 

-. .31 

-.130 

east site z-ccordinate 

.013 

.013 

source 1 right ascension 

.062 

-.003 

source 1 declination 

.172 

-.306 

source 2 right ascension 


.060 

source 2 declination 


.171 

source 3 right ascension 


.003 

source 3 declination 


.006 

Love h 

-.075 

-.073 

Love 1 

.011 

.012 

diurnal polar aotion 

1 

o 

LO 

- 035 

noise error 

.013 

.023 

total aodeled error 

• *73 

.*66 

total error 

.*73 

.*67 
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*». Observations al Jupiter's maximum velocity point 

On March 20, 1975 the motion of Jupiter was at an annual maximum, 
53 seconds/day in right ascension and 3**6"/day in declination. An 
experiment was simulated for this period to examine the worst case 
occultation. A single baseline and source were used. Since Jupiter is 
within one radius of the source for less than two hours, the number of 
observations with substantial deflection is small and there is nothing 
to L*o gaineo by observing for more than one night. The results are 
given in table IV. 6. The same adjusted parameter sets used in the 
December simulations were used for March. The NOE of the relativity 
parameter for all parameter sets is approximately 10$ while the MDE 
exceeds 13$ except when the site coordinates are adjusted. The problem 
of adjusting both the relativity parameter and the site coordinates 
makes the errors suspect in that case. The site coordinates are the 
largest source of error in all cases where they are not adjusted. This 
worst case analysis indicates that an occultation occurring when 
Jupiter is moving rapidly would not produce interesting results with 
the assumed system parameters. 

5. Observations at intermediate velocity 

The time around Oct. 12, 1975 was used to simulate an occultation 
which occurs while Jupiter is moving at half its maximum velocity. The 
results for a single baseline, single source schedule with the same 
adjusted parameter sets as above are shown in table IV. 7. The errors 
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Table IV. 6 Errors for relativity parameter, March 20 


A. relativity parameter adjusted 

B. relativity parameter and north site coordinates adjusted 

C. relativity parameter and source declination adjusted 

D. relativity parameter, source declination and right ascension adjusted 


Unadjusted parameter 

A 

B 

C 

D 

north site x-coordinate 

.168 


.207 

-.029 

north site y-coordinate 

.309 


. 170 

-123 

north site z-coordinate 

.003 


.000 

.000 

source right ascension 

.071 

.0 

.073 


source declination 

-.070 

.0 



Love h 

-.00* 

-.009 

-.016 

-.022 

Love 1 

.015 

.007 

.020 

.035 

diurnal polar notion 

-.012 

.001 

-.008 

.005 

noise error 

.090 

.107 

.091 

.095 

total aodeled error 

.366 

.011 

-229 

-133 

total error 

.377 

. 108 

.293 

-163 
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in the relativity parameter for the cases in which the Site coordinates 
are not adjusted are approximately 6$ for HOE and exceed 12$ for MDE. 
The site equatorial coordinates are again the largest source of error. 
Hhen Cot. it and 13 are added to the data there is no substantial 
change. The HOE decreases from 5.71 to 5.6$ while the MDE increases 
from 39$ to 90$ in the case of a single adjusted parameter. The three 
site, three baseline errors for this period are given in table IV. 8. 

The HOE is approximately 3$ in all cases. The MDE is greater than 25$ 
in the cases where the site coordinates are not adjusted and is 
dominated by the south and east site equatorial coordinates. If the 
site coordinates of the north and south sites are included in the 
adjustment, the MDE is 2$. However, the estimates are probably 
i 1 1-cond i t ioned . 

6. Simulations using three parameters 

The problem of determining the position of Jupiter with respect 
to the occulted source is difficult. Jupiter itself is too large a 
source to be located by the same interferometer that observes the 
stars. It would be necessary to do simultaneous optical plate 
measurements or to extrapolate from a recently updated ephetneris. Both 
methods have inherent accuracies far worse than that of the optical 
interferometer. The method of using two additional parameters to 
characterize the motion of Jupiter which was described in 
section IV. B. 2. avoids the direct problem of determining relative 
position. Results of three parameter modeling of gravitational 
deflection are presented in table IV. 9. The observation sets are 
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Fable IV. 7 Errors for relativity parameter, Oct 12 

A. relativity parameter adjusted 

B. relativity parameter and north site coordinates adjusted 

C. relativity parameter and source declination adjusted 

D. relativity parameter, source declination and right ascension adjusted 


Unadjusted parameter 

A 

B 

C 

D 

north site x-coordinate 

-. 11 * 


-.191 

.027 

north site y-eoordinate 

-.3*9 


-.151 

-.11* 

north site x-coordinate 

-.030 


-.001 

-.001 

source right ascension 

-.058 

.0 

-.067 


source declination 

.11* 

.0 



Love h 

-.020 

.006 

.007 

.009 

Love 1 

-.001 

-.003 

-.008 

-.032 

diurnal polar motion 

-.019 

-.000 

.005 

-.003 

noise error 

.057 

.088 

.060 

.066 

total modeled error 

• 391 

.007 

.253 

.122 

total error 

.395 

.088 

.260 

.139 


Table IV. 8 Errors for relativity parameter, Oct 12, 3 site schedules 


A. relativity parameter adjusted 

B. relativity parameter and north and south site coordinates adjusted 

C. relativity parameter and source declination adjusted 

D. relativity parameter, source declination and right ascension adjusted 


Unadjusted parameter 

A 

B 

C 

D 

north site x-coordinate 

.057 


.046 

.0*7 

north site y-coordinate 

-.063 


-.027 

.06* 

north site z-coordinate 

.008 


.003 

-.009 

south site x-coordinate 

. 1 18 


. 1*1 

. 108 

south site y-coordinate 

. 123 


.0*9 

.0*7 

south site z-coordinate 

-.008 


.003 

.003 

east site x-coordinate 

-.17* 

.0 

-. 187 

-.155 

east site y-coordinate 

-.060 

.0 

.022 

-.111 

east site z-coordinate 

-.000 

.0 

-.3u6 

-.000 

source right ascension 

-.035 

.0 

-.056 


source declination 

.00* 

.0 



Love h 

.018 

.017 

.026 

.035 

Love 1 

.000 

-.006 

-.005 

-.00* 

diurnal polar motion 

-.008 

-.001 

.002 

-.001 

noi3e error 

.02* 

.035 

.02* 

.025 

total modeled error 

.268 

.018 

.25* 

.258 

total error 

.269 

.039 

.255 

.259 
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Dec. 8 - 11, March 20, Oct. 12, and Oct. 11 - 13. The additional 
parameters degrade the NOE considerably. The NOE range from 47% for 
Dec. 8 - 11 to 13% for Oct. 11 - 13. The December configuration 
suffers very badly from the slow movement of Jupiter, the factor which 
contributed highly to the small error in the one parameter analysis. 
The MDE arising from the equatorial site coordinates are the largest, 
exceeding 110% in all cases and reaching 200%. For December and March 
even the earth tide causes over a 40% MDE. The October observation 
periods have the lowest NOE and MDE. However, the one milliarcsecond 
model error in right ascension assumed for the source positions 
produces over 24% MDE in the relativity parameter for both sets of 
data. The analyses including other parameters in the adjustment were 
not done. It is difficult to increase the number of adjusted 
parameters since the estimation very soon becomes ill-conditioned. In 
any case, increasing the number of adjusted parameters can only 
increase the NOE in the relativity parameter, which is already 
considerably worse than for the one parameter analyses. 

7. Baseline errors 

Since in all cases the site coordinates contributed the largest 
MDE, a simulation was run for a north-south baseline using a schedule 
more suited to geodesy to see how well the coordinates could be 
estimated. The source positions used are given in table IV. 10. They 
are spaced regularly on a grid four hours in right ascension by 
60 degrees in declination. The sources were observed in numerical 
sequence as long as they were visible over a period of ten hours. The 
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Table IV. 9 Errors in relativity parameter with 3 parameter modeling of 
gravitational deflection for 1 source, 1 baseline sehedul-s 


A. Dec 8-11 

B. Mar 20 

C. Oct 12 

D. Oct 11-13 

Unadjusted parameter 

A 

B 

C 

D 

north site x-coordinate 

1-35 

1.10 

-.876 

-.768 

north site y-coordinate 

-1.98 

-. 197 

-.228 

-.276 

north site r-coordinate 

.182 

-.011 

-.029 

-.01 1 

source right ascension 

.265 

.317 

-.277 

-.298 

source declination 

.919 

.287 

-.082 

-.033 

Love h 

-.903 

-.609 

.029 

-.018 

Love 1 

-.077 

.023 

.029 

.032 

diurnal polar motion 

.229 

-.030 

.095 

.068 

noise error 

.9"3 

. 199 

.139 

.133 

total modi' led error 

2.629 

1.337 

.952 

.857 

total error 

2.671 

1.351 

.962 

.867 


Table IV. 10 Sources used for estimation of site coordinates 


source right ascension declination 


1 

1 

hr 

0 

min 

0 

sec 

0 

deg 

O' 

0" 

2 

1 

hr 

0 

min 

0 

sec 

30 

deg 

0* 

0" 

3 

1 

hr 

0 

min 

0 

sec 

60 

deg 

O' 

0" 

4 

3 

hr 

0 

oin 

0 

sec 

0 

deg 

O' 

0” 

5 

3 

hr 

0 

min 

0 

sec 

30 

deg 

O' 

0" 

6 

3 

hr 

0 

min 

0 

sec 

60 

deg 

0* 

0" 

7 

5 

hr 

0 

min 

0 

sec 

0 

deg 

0’ 

0" 

8 

5 

hr 

0 

min 

0 

sec 

50 

deg 

O' 

0" 

9 

5 

hr 

0 

min 

0 

sec 

60 

deg 

O' 

0" 
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results are shown in table IV. 11. Two parameter sets were used, the 
first adjusting only the site coordinates and the second adjusting both 
the site and source coordinates (except fo~ the right ascension of a 
reference source). If only the site coordinates are adjusted, the NOE 
on all coordinates is 1.3 micrometers. If the source positions are not 
adjusted but come from conventional catalogues, the positions are 
unlikely to be better than 0.1", two orders of magnitude worse than the 
error assumed herefore the modeled error is rather optimistic. The 
analysis with source positions included in the adjusted parameters 
gives NOE ranging from '1.4 micrometers to 7-3 micrometers, a.i 
indication that the model error used in the previous simulations is 
feasible. Other effects like thermal expansion and tilting have been 
neglected . 

8. Conclusions 

These time delay simulations of WOVLBI experiments for measuring 
gravitational change in apparent position in the vicinity of Jupiter 
indicate that the configuration studied could yield interesting results 
for certain geometries with some improvement in the measurement 
uncertainty of the observations. However, there are a number of other 
possibilities that should be investigated. Alternate schedules using a 
different number and sequence of observations might reduce the effect 
of some modeled errors. More importantly, an analysis in which the 
observable is the angular distance between stars would more 
appropriately simulate a differential experiment. Estimates for a 
differential experiment could be made in the following way. One 
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Table IV. 11 Errors in site coordinates for 1 km N-S baseline 

A. site coordinates adjusted 

B, site coordinates, source right ascensions (except one), and 
source declinations adjusted 






A 



B 





X 

Y 

Z 

X 

Y 

z 

Unadjusted parameter 


error un 

its = 

.0001 a 


source 

1 

right ascension 

-.007 

-.001 

.003 




source 

1 

declination 

-.006 

.011 

.007 




source 

2 

right ascension 

-.005 

-.001 

.001 




source 

2 

declination 

-.001 

-.008 

-.004 




source 

3 

right ascension 

-.001 

-.001 

-.000 




source 

3 

declination 

-.004 

-.000 

-.013 




source 

4 

right ascension 

-.004 

.000 

.002 




source 

4 

declination 

- . 005 

.009 

.00b 




source 

5 

right ascension 

-.008 

-.002 

-.001 

-.030 

-.001 

.0 

source 

* 

declination 

-.004 

.005 

-.003 




source 

6 

right ascension 

-.001 

-.001 

- . 002 




source 

6 

declinat ion 

. 002 

- . 00 1 

-.012 




source 

7 

right ascension 

-.003 

.001 

.002 




source 

7 

declinat ion 

- .00b 

.007 

. 005 




source 

8 

right ascension 

-.003 

-.000 

-.00! 




source 

8 

declinat ion 

-.004 

.004 

-.002 




source 

>3 

right ascension 

-.001 

-.002 

-.003 




source 

0 

declinat ion 

. 00 1 

-.001 

-.010 




Love h 



.01 1 

-.007 

.018 

.011 

- . 006 

. 02 i 

Love 1 



. 00 3 

- . 000 

-.002 

.01 1 

-.014 

. 008 

diurnal 

polar motion 

.007 

-.021 

.004 

-.010 

- . 00 1 

-.003 

noise error 

.013 

.013 

.013 

.044 

. 049 

• 07 3 

total modeled error 

.022 

.029 

.030 

.035 

.01* 

.02* 

total err 

*or 

.02* 

.032 

.033 

,05 b 

.0*1 

.077 
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assumes that the modeled errors, canceling in first order, become 
negligible compared to the noise-only error. If calibration of the 
atmosphere is no longer necessary, a better signal-to-noiss ratio is 
obtained leading to a reduction of the measurement uncertainty and, 
consequently, of the noise-only error. Assuming an improvement by a 
factor of 7 ever the previously used measurement uncertainty, the 
noise-only error alone would amount to approximately 2t of the 
relativity effect. Further improvements in apparatus and data 
reduction techniques would have corresponding effects on the noise-only 
error. The observing configuration could also be simplified by 
constructing a completely polar baseline. Further studies of 
differential measurements using a polar baseline would be useful. 

C. A comparison of two networks for measuring polar motion and UT1 

1 . Introduction 

Polar motion and UT1 represent changes in the earth's orientation 
with respect to its spin axis. Polar motion is the motion of the spin 
pole with respect to the geographic pole. UT1 reflects the angular 
offset caused by changes in the spin rate. 

Polar motion can be described by Euler’s equations for a rotating 

body. 

1=1 ' 2 ' 3 

where 
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I = moment of intertia 


W - angular velocity 
H = external torque 


In the absence of torques and assuming 1^ = I 0 , 

’l“l ' - I 3 ,U 2 M 3 

i 2 i 2 - -<lj - Ij)» 3 Wj 

>3*3 ' ° 

where 

Wj, M^, w = time derivatives of , w ^ , K, 


Then taking a second time derivative and substituting, 


where 



IV. C. 1.2 


IV. C. 1.3 
IV. C. 1.4 


IV. C. 1 .5 
IV. C. 1.6 


The angular frequency W . ( I ^ - I,)/I determines the Euler period. From 
flattening measurments (Ij - I,)/l, is approximately - 0 . 0033 , which 
yields the classical Euler period of 300 days. The fact that a 
14 month period rather than a 10 month period is observed is attributed 
to the earth's elasticity. The 12 month period also found in polar 
motion is attributed to the continuous redistribution of mass in 
meteorological and geophysical processes. 
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No simple analytical model for the variations In UT1 is known. 


Variations in the position of the pole were suggested in the 
eighteenth century by Euler but not firmly identified until the end of 
the nineteenth century through the work of F. Kustner and 
S. C. Chandler. The secular retardation of the rotation rate was 
established by Adams and Delaunay in the middle of the nineteenth 
century. Irregular fluctuations were identified by S. Jones in 1939 
and seasonal variations by h Stoyko in 1937- 

Interest in the position of the spin pole and rotational angle 
comes from two areas. High precision geodesy and astrometry are 
affected by both polar motion and UT1. Knowledge of UT1 is also 
necessary to maintain a close relationship between civil time, or UTC, 
and the sidereal angle of the earth. From a geophysical point of view, 
polar motion and UT1 variations may give insight into release of stress 
and mass transfer related to earthquakes, tectonic plate motion, 
core-mantle coupling, and atmospheric or oceanic circulation. 

Polar motion has been monitored by five principal stations of the 
International Polar Motion Service (formerly the International Latitude 
Service) since 1899. The number of contributing observatories is now 
nearly 50. Determination of UT1 ahd the propagatii f time are 
coordinated by the BIH, which uses data from approximately 90 
instruments. The BIH also publishes an independent analysis of polar 
motion. There is an overlap in the contributors to the IPMS and the 
BIH, 
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The standard instruments for determining latitude and time are 
the visual zenith telescope, the photographic zenith telescope, the 
Danjon impersonal prismatic astrolabe and the visual transit circle. 
More recent work has been done with VLB! (Shapiro et al 197 1 *), 
satellite laser ranging (Smith et al 1972), satellite doppler 
(Anderle 1976), and lunar laser ranging (St.olz ct al 1976). However, 
none of these newer techniques has been established as a permanent 
service. 

The National Geodetic Survey (NGS) has the responsibility for the 
operation of the two North American observatories of the IPMS, which 
are located at Gaitherburg, Maryland and Ukiah, California. The main 
optical device is the Horrebow-Talcott latitude instrument and Doppler 
Satellite Receivers are also installed. The NGS is also responsible 
for maintaining the North American Datum and for monitoring horizontal 
and vertical geodetic control. Decause of recent requirements for even 
higher accuracy geodetic -^ntfol, the NGS has decided to improve their 
operational capability for measuring polar motion and UT1 by the 
implementation of a three station VLBI network using the Mark III 
system. The network would also bo used as a reference triangle in 
conjunction with portable VLBI terminals to establish a very high 
accuracy national and global survey grid. The POLARIS (POLar notion 
Analysis by Radio Interferometric Survey) project is proceeding in 
cooperation with the Goddard Space Flight Center and the Haystack 
Observatory . 
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There have been four sites proposed for the POLARIS network: 

West ford, Massachusetts; Fort Davis, Texas; Fairbanks, Alaska; and 
Richmond, Florida. All but Richaond have existing radio telescopes. 

It is expected that continue. s observations would not be necessary. 
Uestford and Fort Davis are likely to be included in the triangle but 
the third station Mist still be decided. The purpose of the following 
section is to coapare the triangles containing the two undecided sites 
and to detemine ho well polar aotion and UT1 can be aeasured by the 
POLARIS network. 


2. Simulation configuration 

A series of baseline configurations were siaulated to deteraine 
the precision with which polar aotion and UT1 could be monitored with 
VLBI aesureaents over the POLARIS network. The station paraaeters are 
shown in table IV. 12. The sites were assuaed to be equipped with 
Mark III recorders using 1.6 Mhz single channel bandwidth, 400 Mhz 
observing bandwidth and 16 ainute observations. The station positions 
in the table are not given on the saae datum nor are they necessarily 
accurate to better than a few kiloaeters. However, the positions are 
sufficiently good for simulation studies. The antenna at Fairbanks, 
Alaska actually has an X-T mount, which could not be exactly siaulated 
by the ESTIM program. The paraaeters for an az-el mount were used 
instead. Slewing time was not an important factor in the simulation 
schedules since the duty cycles are light and the telescopes are 
relatively small and quick. The differe* e between an X-Y mount and an 
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Table IV. 12 Station configurations for wobble/UTI simulations 


station 

east longitude 

north 

latitude 

elevation 


West ford 

28d deg 

30* 20.70* R2 deg 36* R6.R0" 

115.0 m 


Richmond 

279 

37 R.20 25 

36 R7.13 

0 . 


Fort Davis 

256 

03 0. 

30 

38 0. 

1580.0 


Fairbanks 

212 

28 56. 5R 6R 

58 36.02 

299-5 



diameter type 

slew rate 1 

slew rate 

2 minimum 

maximum 




hr ang/elev 

declin/azim elevation 

hour angle 

Westford 

18.3 m 

az-el 

60 deg/min 

60 deg/min 10 deg 

12 hr 

Richmond 

25.9 

az-el 

60 

60 

10 

12 

Fort Davis 

25.9 

equat 

60 

6C 

10 

5-5 

Fairbanks 

25.9 

az-el 

60 

60 

10 

12 


efficiency system temperature 



Westford 

60S 


120 deg K 

integration time: 16 sin 

Richmond 

R0 


t2Q 

observing bandwidth: 

R00 MHz 

Fort Davis 

RO 


120 

recorded bandwidth: 

1.6 Mix 

Fairbanks 

30 


120 
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az-el aount would not affect the results significantly. The hour angle 
limit on the Fort Davis antenna is an important constraint. In 
particular, the liaiit reduces the iaportance of circun polar or high 
declination sources which Might otherwise have a long period of Mutual 
visibility. The liaited hour angle range of Fort Davis is More of a 
handicap in the Westford-Richaond-Fort Davis triangle where it is the 
westernmost station. The telescope listed for Richnond, Florida does 
not exist. It was included because of Interest in locating an antenna 
at the site of the USNO photographic zenith telescope for logistical 
reasons . 

The baseline parameters are given in table IV. 13 . The sources, 
positions and fluxes are shown in table IV. 14. The source fluxes are 
approxiaate and cannot represent accurately the variations in 
correlated flux for different baselines and different observing 
geoaetries. Nevertheless, tney do give soae indication of *he expected 
signal- to-noise ratio to be associated with individual observations. 

The aodel errors used for the unadjusted parameters are shown in 
table IV. 15. The site coordinate values are based on projected errors 
using the Hark III system. The ataosphere error is dependent on data 
from water vaper radiometers to calibrate the wet component. Errors 
for the source positions are an extrapolation of past determinations. 
The errors from solid earth tides and diurnal polar motion are based on 
results discussed in chapter III. 


Five schedules were devised for Westford-Richmond-Fort Davis 



Table IV. 13 Baseline components for wobble/UTI simulations 


station 1 

station 2 

X 

Y 

L 

equatorial 

length 

long. 

decl . 



km 

km 

km 


km 

bm 

deg E 

deg N 

West ford 

Green Bank 609 

k66 

352 


767 

844 

37.4 

24.6 

West ford 

Richmond 

531 

1216 

1556 


1327 

2044 

66.4 

49-5 

West ford 

Fort Davis 28 17 

87 k 

106k 


2949 

3«35 

17.2 

19.8 

West ford 

Fairbanks 

377 k 

-3005 

-1k6i 


4825 

5C41 

-38.5 

-16 8 

Green Bank 

Richmond 

-79 

750 

120k 


754 

1420 

96.0 

57.9 

Green Bank 

Fort Davis 2207 

ko8 

712 


2245 

2355 

10.5 

17.6 

Green Bank 

Fairbanks 

3165 

_3k72 

-1813 


4698 

5035 

-47.6 

-21.1 

Richmond 

Fort Davis 2286 

-3k2 

-k91 


2311 

2363 

-8.5 

-12.0 

Richmond 

Fairbanks 

32kk 

-k221 

-3016 


5324 

6119 

-52.5 

-29-5 

Fort Davis 

Fairbanks 

958 

-3879 

-2525 


3996 

4727 

-76.1 

-32.3 

Table IV. 14 

Sources used for 

wobble'UTI simulations 




source 

right ascension 



declination 

flux 


4C 67.05 

2 hr 

2k ain 

k2. 900 

jec 

67 

deg 8' 

6.00" 

1.9 J 


3C 8k 

3 

16 

29.549 


ki 

19 

51.65 

12.5 


NR AO 150 

3 

55 

k5.238 


50 

49 

20.08 

5.5 


3C 120 

a 

30 

31-586 


5 

14 

59-40 

4.0 


OJ 2 87 

8 

51 

57.229 


20 

17 

58.5 

6.0 


kC 39-25 

9 

23 

55.29k 


39 

15 

23.73 

7.5 


3C 273 

12 

26 

33-246 



19 

43.30 

10.0 


3C 279 

12 

53 

35.833 


-5 

31 

8.00 

10.0 


OQ 208 

ik 

k 

45.625 


28 

41 

29.46 

1.5 


3C 3k5 

16 

ki 

17.635 


39 

54 

10.97 

4.5 


PKS 213k+uO 

21 

3k 

5-225 


0 

28 

25-00 

6.0 


VR0 42.22.01 22 

0 

39.387 


42 

2 

8.40 

5-0 


3C k5k.3 

22 

51 

29-535 


15 

52 

54.25 

8.0 



Table IV. '5 Unadjusted parameter errors for wobble/UTI simulations 

site cartesian coordinates: 5 cm 
atmosphere zenith thi-kness: 3d picosec 
source right ascension: .33 msec 
source declination: 5 marcsec 
love h: .05 
uove 1 : .01 

diurnal polar motion scale: .2 
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(W-R-D) and Uestford-Fort Davis-Fairbanks (W-D-F) using the mutual 
visibilities shown in figure IV. 2 and figure IV. 3* respectively. The 
schedules 00, 01, 02, and 03 have 2ht duty cycles consisting of groups 
of four observations separated uy four hours. The index indicates the 
hour of the starting tiae. The duty cycle was chosen as an 
approximation of an operational POLARIS network. Schedules beginning 
at staggered tiaes are necessary because the nix of sources available 
during each hour of the day is quite different. If network operations 
require observations to begin at arbitrary tines, different schedules 
are necessary and different results will be obtained. On the other 
hand, if the starting tiae is flexible, the best schedule can be used. 
The schedules indexed 2A use the entire day. An atteapt was Bade to 
have as a any observations on each source as possible. However, the 
random distribution of sources in right ascension and declination Bakes 
it impossible to have the saae number of observations on all sources. 

3- Comparison of networks using low duty cycle schedules 

The rasults of the four short schedules for W-R-D are summarized 
in table IV. 16 and IV. 17 for W-R-D and W-D-F, respectively. The two 
sets of results for each table represent two nodes of error. In the 
simulations labeled "S/N error oniy", the measurement uncertainty for 
each observation was determxned from source flux, antenna size and 
efficiency, receiver teapcrature, recorder bandwidth, observing 
bandwidth and itegration tiae. For the simulations marked "constant 
noise added", an external noise of 0.1 nsec was root-sum-square added 
to each mcasureaent uncertainty derived above. The results with 
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Figure I?. 2 Mutual visibility for Westford-Ricbaond-Fort Davis 
Tise in OT for Avgust 21, 1975 


1 2 

3 4 5 6 
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Source 

38-4C67-05 

, Rise 5:56, Set 16:55 


Source 

7=3C84 

, Rise 6:48, Set 17:20 

+ei+M+M+M+t»4.«e+aa+aa+»a+M. ( .a 


Source 

1UMRA0150 

, Rise 7:27, Set 18:25 


Source 

14=3C1?0 

, Rise 8: 5, Set 16:45 


Source 

27=0J287 

, Rise 12:22, Set 22: 0 


Source 

28=4039.25 

, Rise 12:54, Set 2 3:21 


Source 

a 

33=3C273 

, Rise 16: 7, Set 0:32 


Source 

• 

35=30279 

, Rise 16:53, Set 0:29 


Source 36=OQ208 

, Rise 17:34, Set 3:41 

M»+' 


Source 
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, Rise 20: 9, Set 6:42 
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Source 

59=2134+00 

, Rise 1:21, Set 9:32 


Source 
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Source 

67=30454.3 

, Rise 2:23, Set 11:46 
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Figure IV. 3 Mutual visibility for Westford-Fort Davis-Fair banks 
Tiae in UT for August 21, 1975 
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0:29 
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Table IV. 16 Su— ary of errors froa schedules WRDOO, MRD01, WRD02, and NRD03 



constant 

noise 

added 

S/M 

error only 

schedule URDOO 

x-wob 

y-wob 

UT1 

X-wob 

y-wob 

UT1 


.01 arc sec 

asec 

.01 arc sec 

asec 

noise error 

.152 

• 391 

.142 

.005 

.014 

.005 

total aodeled error 

.801 

1.889 

.733 

.869 

2.219 

.817 

total error 

.816 

1.929 

.747 

.869 

2.219 

.817 

schedule WRD01 

noise error 

.152 

• 329 

.117 

.006 

.012 

.004 

total aodeled error 

.618 

1.143 

.465 

.652 

1-345 

.518 

total error 

.636 

1.190 

.480 

.652 

1.345 

.518 

schedule WRD02 

noise error 

.153 

-355 

.133 

.005 

.012 

.004 

total aodeled error 

.640 

1.134 

.471 

.671 

1.030 

.435 

total error 

.658 

1.189 

.489 

.671 

1.030 

.435 

schedule WRD03 

noise error 

.152 

• 356 

.141 

.006 

.014 

.005 

total aodeled error 

.600 

1.212 

.501 

.648 

1.289 

.516 

total error 

.619 

1.263 

.520 

.648 

1.289 

.516 

average 

noise error 

.152 

.358 

.133 

.006 

.013 

.005 

total modeled error 

.665 

1.345 

.543 

.710 

1.471 

.572 

total error 

.682 

1.392 

.559 

.710 

1.471 

.572 
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Table IV. 1? S i— ar y of errors fro* schedules WDFOO, WDF01 , WDF02, and WDF03 



constant 

noise 

added 

S/N 

error only 

schedule WDFOO 

x-wob 

y-wob 

UT1 

x-wob 

y-wob 

UT1 


.01 arc sec 

nsec 

.01 arcsec 

nsec 

noise error 

.185 

.183 

.095 

.007 

.007 

.004 

total aodeled error 

.874 

.918 

.521 

1.066 

1.144 

.631 

total error 

.893 

.936 

.530 

1.066 

1.144 

.631 

schedule WDF01 

noise error 

.173 

.168 

.085 

.007 

.007 

.004 

total Modeled error 

.740 

.839 

.426 

.858 

1.033 

.520 

total error 

.760 

.856 

.434 

.858 

1.033 

.520 

schedule WDF02 

noise error 

.177 

.173 

.078 

.007 

.007 

.003 

total Modeled error 

.632 

.759 

-353 

.667 

-725 

.382 

total error 

.656 

.779 

.362 

.667 

.725 

.382 

schedule WDF03 

noise error 

.167 

.161 

.077 

.007 

.006 

.003 

total Modeled error 

.641 

.761 

-363 

.682 

.83* 

.411 

total error 

.662 

.778 

• 371 

.682 

.834 

.411 

average 

noise error 

.175 

.171 

.084 

.007 

.007 

.004 

total Modeled error 

.722 

.819 

.416 

.818 

.934 

.486 

total error 

.742 

-837 

.424 

.818 

.934 

.486 
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constant noise added give an indication of the precision presently 
possible with the Mark I systea. Only thd delay observable was used. 
The x and y components of polar notion, UT1 , and clock offsets and 
rates at two sites were adjusted, a total of seven paraaeters. 

Comparison of the W-R-D and W-D-F results indicates that the 
latter has errors between 20} and 40} saaller for the average polar 
notion component and UT1 offset in all cases. While the x-coaponent is 
better determined by the baselines W-R-D, the y-conponent is 
sufficently worse to aake the average poorer. Given the particular 
values for the unadjusted parameter model errors, no single parameter 
stands out in the MDE of the adjusted parameters. All other things 
being equal, the network containing Fairbanks gives more precise 
measurements than the Richmond network when using low duty cycle 
schedules. 

4. Comparison of two networks using 24 hr duty cycle 

The results for the 24 hr schedules are shown in table IV. 18. If 
tne measurement uncertainty is determined by signal-to-noise limits, 
then the MDE for the two configurations are almost identical. With 
external noise added, the MDE for the W-D-F triangle are smaller than 
the errors for W-R-D by approximately 10}. Therefore the network 
containing Fairbanks gives better results even with a full day duty 
cycle, although the advantage is not so marked as with the low duty 
cycle schedules. 
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Table IV. 18 Errors from vobble/UTI schedules WRD24 and WDF24 


constant noise added S/N error only 



x-wob 

y-wob 

UT1 

x-wob 

y-wob 

UT1 


.01 arcsec 

msec 

.01 arcsec 

msec 

schedule WRD24 

noise error 

.083 

.187 

.069 

.003 

.007 

.002 

total node led error 

.554 

.984 

.409 

.580 

.997 

.416 

total error 

.560 

1.002 

.414 

.580 

.997 

.416 

schedule WDF24 

noise error 

.094 

.091 

.044 

.004 

.004 

.002 

total modeled error 

.661 

.700 

.367 

.746 

.837 

.414 

total error 

.668 

.706 

.370 

.746 

.837 

.414 
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5. Comparison of networks using low duty cycles and complete 
adjustment 

The simulations discussed above assume that only the polar 
motion and UT1 parameters are adjusted and that each day is adjusted 
separately. Another method of analysis is to combine the data from 
several days and adjust all the parameters possible simultaneously. 

The site coordinates and source positions are adjusted over all the 
data. Bach day requires at least clock offsets and rates for two 
stations and an atmosphere parameter at each station. The polar motion 
and UT1 parameters must De left unadjusted for at least one day to 
provide a reference orientation. Using this method, between 65 and 70 
parameters are required to handle four days of data. The results are 
presented in tables IV. 19 and IV. 20 for W-R-D and W-D-F, respectively. 
The 00, 01, 02 and 03 schedules were used. The 00 schedule was left 
unchanged and the wobble/UTI parameters left unadjusted. The other 
schedules were slipped by 3 min 56 sec per day and moved to successive 
days to form a combined data set. The only models contributing to MDE 
are solid earth tides and diurnal polar motion. The NOE for W-D-F are 
generally at least 5051 better than the NOE for W-R-D. An exception is 
the x-component :f only the signal-to-noise error is included in the 

analysis, in which case the NOE are equal. However, it is evident that 

the W-D-F triangle is more susceptible to MDE caused by solid earth 

tides and diurnal polar motion. The x-component MDE is between 40% and 

90% worse for W-D-F than for W-R-D while the advantage of W-D-F over 
W-R-D for the other parameters is also reduced. The average pole 
position is in fact determined better by the W-R-D configuration. It 
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'''able IV. 19 Westford-Richmond-Fort Davis four day estimate of wobble/UTI 


constant noise added S/N error only 


schedule WRDOO 


x-wob y-wob UT1 

.01 arcsec msec 


x-wob y-wob UT1 

.01 arcsec msec 


noise error 
total modeled error 
total error 

schedule WRD01 


noise error 

.562 

total modeled error 

.055 

total error 

.565 

schedule WRD02 

noise error 

.669 

total modeled error 

.082 

total error 

.673 

schedule WRD03 

noise error 

.571 

total modeled error 

.084 

total error 

.577 

average 

noise error 

.601 

total modeled error 

.074 

total error 

.605 


1.27 

.516 

.022 

• 053 

.021 

.105 

.085 

.078 

• 113 

.127 

1.27 

.523 

.081 

. 124 

.129 


1.35 

.683 

.025 

.055 

.026 

.058 

. 120 

.115 

. 104 

• 159 

1.35 

.693 

.118 

.117 

. 161 


1.32 

.574 

.023 

.056 

.023 

.094 

.112 

.077 

.109 

.113 

1.32 

.584 

.080 

. 122 

.115 


1.31 

.591 

.023 

.055 

.023 

.086 

. 106 

.090 

.109 

• 133 

1.31 

.600 

.093 

.121 

.135 
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Table IV. 20 Westford-Fort Davis-Fair banka four day estimate of wobble/UTI 


constant noise added S/N error onlj 


schedule WDF00 


x-wob y-wob UT 1 

.01 arcsec msec 


x-wob y-wob UT 1 

.01 arcsec msec 


noise error 
total modeled error 
total error 

schedule WDF01 


noise error 

.416 

total modeled error 

.060 

total error 

.420 

schedule WDF02 

noise error 

.439 

total modeled error 

.127 

total error 

.457 

schedule WDF03 

noise error 

.450 

total modeled error 

.141 

total error 

.471 

average 

noise error 

.435 

total modeled error 

.109 

total error 

.449 


.405 

.235 

.020 

.020 

.012 

.035 

.023 

.073 

.067 

.028 

.407 

.236 

.076 

.070 

.031 


.473 

.233 

.022 

.022 

.012 

.090 

.029 

.208 

.095 

.091 

.482 

• 235 

.209 

.098 

.092 


.446 

.233 

.022 

.022 

.011 

.110 

.057 

.251 

.112 

. 108 

.459 

• 24o 

.252 

.’14 

. 108 


.441 

.234 

.021 

.021 

.012 

.079 

.036 

.177 

.091 

.076 

.449 

.237 

.179 

.094 

.077 
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should be noted that the results derived using only signal-to-nolse 
■easureaent uncertainty are probably the most optimistic realistic 
estimate of the precision possible for either POLARIS network using low 
duty cycle schedules. 

6. Effect of diurnal polar aotion and solid earth tides 

The saae schedules nay be used on different days provided the 
starting tiaes are adjusted to offset the 3 nin 56 sec daily slippage 
between solar time and sidereal time. The MDE contributions froa site 
coordinates, ataosphere, and source positions are unaffected since the 
observing geoaetry is unchanged. The effects of the solid earth tide 
and diurnal polar notion, however, depend on the relative lunar and 
solar positions. These effects vary through a lunar cycle. 

Tables IV. 21 and IV. 22 show the effects of earth »ides and diurnal 
polar notion for several different days using schedules KRDOO and 
WDFOO, respectively. The days were spaced at five day intervals. The 
starting epoch fer the schedules was altered to preserve the original 
observation geoaetry for the other effects. The first day was already 
presented in tables 7.16 and IV. 17- The interval from 8/21 through 
9/4 covers enough of a lunar cycle to give representative results. Fcr 
measurement uncertainty from signal-to-noise only, the oax sua 
root-sum-squared error contribution from earth tides and <!* irnal polar 
motion is 0.88 milliarcsec in the x-ccaponent, 1.93 ailliarcsec in the 
y-component, and 0.119 msec in UT1. With constant external noise added 
the maximum effects are 0.30 milliarcsec, 0.92 miliiarcsec , and 
0.093 nsec, respectively. Consequently these effects never dominate 
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Table IV. 21 Errors from schedule VRDOO at 5-day intervals - 

earth tin* -iiurral polar action Modeled errors 



constant 

noise 

added 

S/M 

error only 

unadjusted parameter 

x-wob 

y-wob 

y?i 

x-uob 

y-wob 

UT1 


.01 arc sec 

msec 

.01 arcsec 

msec 

starting 75/6/25 2J:$1 

Love h 

.019 

.05* 

.006 

.027 

.073 

.017 

Love l 

.OlS 

.017 

.0 22 

.016 

.018 

.02S 

diurnal polar motion 
starting 75/8 / 30 2y>* 

.001 

.05* 

.050 

.00* 

.171 

.075 

Love h 

.00* 

.0*8 

.010 

.028 

.01* 

.022 

Love 1 

-.001 

.017 

-.008 

-.002 

.025 

-.009 

diurnal polar motion 

.010 

-.018 

.019 

.051 

.118 

.077 

starting 75/9/* 23:02 

Love h 

.001 

.027 

-.050 

-.00* 

-.012 

-.083 

Love 1 

.019 

.032 

.027 

.028 

.019 

.036 

diurnal polar motion 

-.021 

-.088 

-.073 

-.003 

-. 196 

-.078 


Table IV. 22 Errors froai schedule WDFOO at 5-day intervals - 

earth tide and diurnal polar motion modeled errors 



constant 

noise 

added 

S/N 

error only 

unadjusted parameter 

x-wob 

y-wob 

UT 1 

x-wob 

y-wob 

UT1 


.01 arcsec 

k»ec 

.01 arcsec 

msec 

starting 75/8/25 23:*1 

Love h 

-.022 

.025 

-.008 

.002 

.005 

r\ rx a 
“ . WV 

Love 1 

.018 

.020 

.018 

.014 

.005 

.012 

diurnal polar motion 

-.008 

.037 

.036 

-.020 

. 120 

.036 

starting 75/8/30 23:22 

uove h 

.020 

.0*3 

.020 

.053 

.075 

.044 

Love 1 

-.022 

-.016 

-.015 

-.028 

-.039 

-.023 

diurnal polar motion 

.012 

.069 

.022 

.064 

. 173 

.057 

starting 75/9/4 23:02 

Love h 

.001 

.004 

-.001 

.018 

-.031 

-.015 

Love 1 

.001 

.038 

.013 

.019 

-.007 

.013 

diurnal polar motion 

-.002 

-.003 

-.038 

.041 

-.076 

-.021 
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'he MDE. 


7. Conclusions 

These results Indicate that the network using West ford, 

Fort Davis and Fairbanks generally yields saaller errors in determining 
polar motion and UT1 than the network with Westford, Richmond, and 
Fort Davis. The longer lengths of the baselines in the first triangle 
give a better geometry while the problaa of autual visibility is not a 
aajor handicap. The results are valid only if the stations are 
essentially identical. If the antenna efficiencies or receiver 
temperatures are different, further analysis will be necessary. 

D. The effect of scheduling on baseline paraaeter errors 

1. Introduction 

In aost VLBI geodetic experiments there is relatively little 
flexibility in the physical observing configuration. The stations and 
tines are set by observatory scheduling constraints. Antenna sizes are 
fixed. Once the frequency is decided, the effective collecting area 
cannot be altered. The receivers are those available at the selected 
frequency while integration time is liaited by the recorders or 
frequency standard stability. Flexibility is only possible in the 
choice and sequence of sources to he observed. Thi3 section examines 
the effect of scheduling on the precision of baseline measurements 
using model errors in several small geophysical effects. 
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The analysis of scheduling would be siapltfied if sources were of 
equal flux with uni fora distribution about the sky and if antennas 
could slew infinitely quickly. Observing all the visible sources 
simultaneously in all parts of the sky would give very strong geodetic 
results. To be at all realistic, however, it is necessary to consider 
the actual distribution of sources and the often infuriatingly slow 
movement of large telescopes. A nuaber of single day, single baseline 
schedules were studied for three stations using sources observed in 
past VLBI experiments. 

2. Simulation parameters 

The station parameters are given in table IV. 23 and the baseline 
components in table IV. 2H. The bandwidths and integration time reflect 
the capability of the Mark I VLBI system. Pioneer and Goldstone are 
two antennas in the Goldstone tracking complex of the Deep Space 
Network. The Haystack-Go Id stone baseline has been used frequently in 
the past (Robertson 1975, Hutton 1976). The Haystack-Pioneer baseline 
has not been used and is discussed here for the purpose of simulations. 
The actual Pioneer antenna has an equatorial mount. The slewing times 
for an az-el mount were used in the following simulations so that a 
comparison with Goldstone would be more meaningful. The primary 
difference between an equatorial antenna and an az-el antenna, slewing 
rates and dish 3izes being equal, is the ability to follow sources near 
or through transit. At transit the azimuth of a source changes 
rapidly, infinitely fast if the source passes through zenith, and an 
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Table IV. 23 Station configurations for schedule tests 


station 

east longitude 

north lati 

tude elevation 


Haystack 

288 deg . 

30* 40.86 

>* 42 deg 37 

' 23-50* 

152-2 a 


Pioneer 

743 

9 i.k6 

35 23 

1 2 

!2. 15 

963-0 


Goldstone 

243 

6 37.8k 

35 25 33-34 

977.5 



diameter 

type 

Siev rate 1 

slew rate 2 

minimum 

maximum 




hr ang/eiev 

declin/azia 

elevation 

nour angle 

Haystack 

36.6 m 

az-el 120 deg/nin 120 

deg/min 

10 deg 

12 hr 

Pioneer 

25.9 

az-el 

60 

60 


10 

12 

Goldstone 

6k. 0 

az-el 

12 

12 


10 

\2 


efficiency system teroerature 




Haystack 

35% 


80 deg K 


integration time: 3 

min 

Pioneer 

ko 


30 


recorded 

bandwidth: 

360 kHz 

Goldstone 

ko 


30 


observing bandwidth 

: 330 MHz 

Table IV. 2k 

Baseline 

components for schedule 

tests 



station 1 

station 2 

X 

Y Z 

equatorial 

length 

long. decl. 



km 

km km 


km 

km 

deg E deg N 

Haystack 

Pioneer 

38kk 

188 623 


3848 

3899 

2.8 9.2 

Haystack 

Goldstone 

33k6 

184 620 


385C 

3900 

2.7 9.1 

Table IV. 25 

Sources i 

used for 

schedule tests 




source 

right ascension 


declination 

flux 

4C 67.05 

2 hr 

2k min 

42-900 sec 

67 

deg 8 • 

6.00" 

1.9 J 

3C 8k 

3 

16 

29-549 

41 

19 

51.65 

12-5 

NRAO 150 

3 

55 

45-238 

50 

49 

20.08 

5-5 

3C 120 

k 

30 

31-586 

5 

14 

59-40 

4.0 

0J 287 

8 

51 

57-229 

20 

17 

58.5 

6.0 

kC 39-25 

9 

23 

55-294 

39 

15 

23-73 

7-5 

3C 273 

12 

26 

33-246 

2 

19 

43-30 

10.0 

3C 279 

12 

53 

35.833 

-5 

31 

8.00 

10.0 

OQ 208 

ik 

k 

45.625 

28 

41 

29-46 

1.5 

3C 3k5 

16 

kl 

17.635 

39 

54 

10.97 

4.5 

PKS 2 1 34+00 

21 

3k 

5-225 

0 

28 

25-00 

6.0 

VRO k2.22.01 22 

0 

39.387 

42 

2 

8.40 

5-0 

3C k5k.3 

22 

51 

29-535 

15 

52 

54.25 

8.0 
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az-el telescope takes longer to Move froa source to source in this 
observing geometry. The problea is aost acute if two sources being 
observed transit north and south of zenith in a short interval of tiae. 
While an equatorial aount can follow tne sources easily, the large 
difference in aziauth nay nake it is possible for an az-el aount. For 
the purposes of these simulations the difference between Pioneer and 
Soldstone are antenna size and slewing rate. While Haystack is a 
relatively large az-el telescope, it is protected by a radoae and can 
aove extremely rapidly, it is not the Uniting station in any 
schedule. One factor that is not included in the Haystack-Pioneer 
simulations is the constraint of cable wrap, the linit of an az-el 
antenna's continuous aziauth rotation clockwise and counterclockwise. 

In practice it is a serious limitation in scheduling large, slow-moving 
antennas and is considered in the Haystack-Gold stone schedule. 

Hie sources used in the simulation schedules are listed in 
table IV. 25- These are generally the strongest incompletely resolved 
sources visible in the northern hemisphere. The positions are for 
epoch 1950.0. The fluxes are approximate average values for the 
Haystack-Goldstone baseline taken froa Wittels et al. (1975) except for 
the flux of 4C67-05, which is taken from more recent experiments. For 
some sources the visibility function has a complex behavior with deep 
nulls. In the following work such variations are ignored, leaving only 
the distinction between weaker and stronger sources. Table IV. 25 shows 
clearly that there are gaps in distribution over the sky, particularly 
between 4 hr to 9 hr, 17 hr to 21 hr, and 23 hr to 2 hr in right 
ascension. There is only one high declination source, 4C67.05, because 
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of the scarcity of observable sources in this region. The sources used 
in each schedule are given in table IV. 26. The mutual visibility of 
sources between Haystack and Pi oneer/Gold stone is given in figure IV. 6. 

The schedules contain several realistic timing constraints. Two 
ainutes were allowed in addition to the ainiaua slewing tiae for the 
mechanics of finding a source and doing radioaetry. A ainiaua of three 
ainutes was allowed between the end of one observation and the 
beginning of the next for rewinding ai.d changing data tapes. The 
rewinding and changing tiee are drawn froa Hark 1 practice. Mark II 
tapes typically record for several hours before rewinding. Mark III 
tapes can be filled in a3 little as 16 ainutes or lest for nearly two 
hours depending on the recording rate. Tape rewinding and changing 
tiae would be approximately 10 ainutes. 

The siaulation geometry was computed with several simplifying 
assumptions. The source positions of 1950.0 were used unchanged. Ho 
corrections were made for precession, nutation, aberration, polar 
aotion cr UT1. The baseline geometry was computed directly from the 
site coordinates and not otherwise modified. The day was picked 
arbitrarily for proximity to an existing Haystack-Goldstone schedule. 

Each schedule was run under three siaulation configurations. In 
all cases only the delay observable was included in the normal matrix. 
Unless otherwise noted a pair of tapes was recorded each time a source 
was observed. In the first configuration the observations were 
weighted by the SNE measurement uncertainties, which were calculated 


- 226 - 



Figure IV. 4 Mutual visibility for Haystack-Pioneer/Gold atone 
Tiae in UT for August 21, 1975 
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Table IV. 26 Sources used in schedules A - M 


schedule 

A 


B 


C 



source 

obs 

source 

obs 

source 

obs 


3C 84 

84 

3C 84 

31 

3C 84 

31 


3C 273 

70 

3C 273 

25 

3C 273 

25 


3C 454.3 

59 

3C 454.3 

27 

3C 454.3 

27 






4C 67.05 

21 

schedule 

D 


E 





3C 84 

47 

3C 84 

41 




3C 120 

32 

3C 120 

30 




3C 273 

41 

3C 273 

37 




3C 345 

48 

3C 345 

46 




PKS 2134*00 

22 

PKS 2134*00 

20 




VRO 42.22.01 

38 

VRO 42.22.01 

30 






4C67.05 

24 



schedule 

F 


VI 





3C 84 38 3C84 36 

3C 120 24 3C 120 24 

OJ 28? 32 OJ 287 28 

3 C 273 32 3C 273 30 

3C 345 42 3C 345 38 

PKS 2134*00 22 PKS 2134*00 20 

VRO 42.22.01 38 VRO 42.22.01 28 

4C 67.05 24 

schedule H I 


3C 84 

36 

3C 84 

32 

3C 120 

24 

3C 120 

24 

OJ 287 

26 

OJ 287 

20 

3C 273 

24 

3C 273 

24 

OQ 208 

30 

OQ 208 

26 

3C 345 

32 

3C 345 

32 

PKS 2134*00 

21 

PKS 2134-00 

19 

VRO 42.22.01 

36 

VRO 42.22.01 

28 



4C 67.05 

24 
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schedule 


J K M 


AC 67.05 

16 

AC 67.05 

6 

3C8A 

91 

3C 8* 

2* 

3C 8A 

22 

AC 39.25 

30 

HR AO 150 

28 

NRAO 150 

23 

3C 273 

31 

3C 120 

18 

3C 120 

23 

3C 279 

17 

AC 39.25 

26 

AC 39.25 

22 

VRO A2.22.01 

23 

3C 273 

18 

3 C 273 

15 

3C A5A.3 

A8 

3C 279 

18 

3C 279 

20 



3C 3A5 

2A 

3C 3A5 

26 



PKS 213*M>0 

16 

PKS 213A+00 

22 



VRO A2.22.01 

26 

VRO A2.22.01 

27 



3C 45A.3 

15 

3C A5A.3 

23 
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from the source flux, antenna size and efficiency, receiver 
temperature, recorded and observing bandwidths, and integration time. 
This value of measurement uncertainty represents the minimum error 
achievable by the system, the limit set by signal-to-noise ratio. A 
full set of parameters was adjusted: 1) the coordinates of the western 
station, 2) a clock offset and rate, 3) an atmosphere zenith height for 
each station, and 4) the source right ascensions and declinations with 
the exception of the right ascension of 3C 273- Earth tides and 
diurnal polar motion were considered as source of MDE with model errors 
of 0.05 in Love h, 0.01 in Love 1 and 0.2 in the diurnal polar motion 
scaling. The results are given in table IV. 27. The baseline longitude 
and latitude refer to the orientation of the baseline when translated 
to the origir of the geocentric coordinate system. The columns headed 
"noise-only error" show the parameter formal errors if only measurement 
uncertainty is included in the analysis. The columns headed "with 
modeled errors" show the total errors, i.e., the root-sum-square of NOE 
and MDE. In general the MDE is muc'i larger than the NOE so that the 
total error is essentially equal to the MDE. 

In the second configuration a constant external noise ol 
0.1 nanosec was root-sum-square added to the signal-to-noise 
measurement uncertainty to give the observation weight. The set of 
adjusted and unadjusted parameters was the same as above. These 
results, presented in table IV. 28, represent the case where a large or 
dominant external random noise is present. The effect .s to reduce the 
importance of the stronger sources. 
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Table IV. 27 Baseline errors for Haystack-Pioneer/Goldstone schedules 

with measurement uncertainty determined by source and receiving 
parameters - full set of parameter adjustments 


noise-only error 


with m< ieled errors 


schedule 


I 

J 

K 

L 

M 


length 

longitude 

latitude 

cm 

.001 ; 

arc sec 

• 133 

.116 

. 184 

.163 

.208 

.224 

.156 

. 181 

.224 

.239 

.138 

.410 

.170 

. 158 

.276 

.163 

. 145 

.265 

.195 

. 155 

.222 

. 162 

. 146 

.276 

. 190 

.152 

.224 

.090 

.172 

. 179 

.091 

. 174 

. 166 

.069 

.097 

. 102 

1.80 

.621 

.738 


length 

longitude 

latitude 

CO 

.001 

arcsec 

2.22 

3.01 

2.11 

1.22 

1.93 

1.47 

1.74 

2.86 

1 .04 

’.76 

1 .8b 

4.57 

.488 

1.85 

1.88 

• 320 

1.77 

1.11 

.506 

1 .59 

.626 

■ 369 

1-33 

.832 

.365 

1.43 

.616 

.710 

2.49 

3.28 

.673 

1.60 

1.81 

1-34 

3.02 

1.66 

8.94 

5.12 

4.32 
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Table IV. 28 Baseline errors for Haystack-Pioneer/Goldstone schedules 
with constant noise added to all observations - full set 
of parameter adjustments 

noise-only error with modeled errors 

schedule length longitude latitude length longitude latitude 
cm .001 arc sec cm .001 arcsec 


2.59 

2.53 

3-49 

3-52 

4.17 

4.36 

3-2 1 

3-99 

4.39 

3.6i 

4.97 

4.75 

2.63 

3-75 

3-33 

3 09 

5.00 

3-59 

2.84 

2.47 

4.90 

3.40 

2.71 

6.12 

1.76 

2.64 

2.3 2 

1.81 

2.94 

2.40 

2.19 

2.48 

3-54 

2.35 

2.8 2 

3.63 

1.75 

2.60 

2.20 

1.88 

2.95 

2.31 

1.93 

1.57 

3.26 

1.96 

2.11 

3.32 

1.54 

1.65 

2.05 

1.56 

2.18 

2.08 

1.57 

2.90 

2.72 

1.61 

3-57 

3-55 

1.53 

3.01 

2.57 

1.63 

3.17 

2.66 

2.23 

3-71 

2.61 

2.43 

4.15 

2.71 

38.6 

13-3 

15.7 

39.2 

14.0 

16.1 
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The third configuration used the signal-to-noise measi 'ement 
uncertainty weighting but adjusted only the site coordinates and the 
two clock parameters. The atmosphere amd source positions were 
includes as unadjusted parameters with errors of 0.03 nenosec and 
5 milliarcsec, respectively. Solid earth tides and diurnal polar 
motion are also included as unadjusted parameters. This configuration 
gives the most optimistic values for the baseline NOE and is rather 
unrealistic. The atmosphere must be calibrated to 1 cm while the 
source positions must be known from other measurements. The results 
are shown in table IV. 29. 

The simulations fall into three groups: 1) schedules A, B, and C; 
2) schedules D - I; and 3) schedules J, K, and L. Schedule M is a 
special case. All the schedules except schedule L apply to the 
Haystack-Pioneer baseline. 

3. Three and four source schedules 

A comparison plot of schedules A, B, and C is presented in 
figure IV. 5. The horizontal direction is UT observing time during one 
day. The asterisks in each band mark individual observations of the 
specified source. These schedules used the minimum number of sources 
possible to provide a reference for more complicated schedules. 3C 64, 
3C 273 1 and 3C 4 r -4 3 were chosen because of source strength and 
distribution in right ascension and declination. Even so there is a 
gap of two hours after 3C 27? sets before 464.3 rises. In schedule 
A each source was observed continuously when it was the only source 



Figure IV. 5 Comparison of schedules A, B, and C 
Time in UT for August 21, *975 
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Table IV. 29 Baseline errors for Haystack-Pioneer/Goldstone schedules 
adjusting only site coordinates and clocks 


schedule 


L 

M 


noise-only error 

length longitude latitude 
ca .001 arc sec 


.0223 

.02** 

.0237 

.0257 

-0329 

.036* 

-02*6 

.0329 

.C371 

.02*6 

.026* 

.0279 

.0252 

.0308 

.0289 

.0251 

.029* 

.0296 

.0262 

.0299 

.0303 

.0261 

.0318 

.0309 

.0267 

.0327 

.0320 

.02*9 

.0309 

.0278 

.021* 

.0315 

.0298 

.0120 

.0161 

.0170 

.0197 

.0259 

.02*6 


with node led errors 


length longitude latitude 
ca .001 arc sec 


378 

*-30 

8.53 

3.86 

*.50 

7-63 

*.2* 

*.56 

7.96 

j.6l 

*.13 

6.87 

3.6* 

3.99 

6.80 

3-32 

3.7* 

6.55 

3.** 

3-83 

6.62 

3-55 

3.79 

6.62 

3.62 

3-80 

6.55 

2.82 

3-29 

*.90 

2.83 

3.28 

*.57 

3-53 

3-21 

5-76 

*.6* 

*.87 

6. *8 
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visible. Where two sources overlapped, pairs of observations on each 
source were interleaved. In schedule B the sources were observed once 
every half an hour except or. rising and before setting. At those tines 
the source was observed continuously for half an hour to have denser 
data at the extremes of the diurnal sinusoid. For schedule C one 
observation of AC 67.05 at hourly intervals was added to schedule 6 to 
examine the effects of a weaker, high declination source. 

Referring to table IV ,27 for the SHE measurement uncertainty 
weighting results, it can be seen that schedule A produces the saallest 
baseline ROE. This is to be expected since schedule A has considerably 
■ore data than the other schedules in the group. Even though schedule 
B has less than half the number of observations or. each source as 
schdule A, its ROE are only 20% worse than those of schedule A for 
length and latitude. The longitude error is 80% worse, somewhat worse 
than the reduction in the nuaber of data points. Schedule C improves 
on schedule B in length and longitude ROE but soaewhat surprisingly not 
in latitude. Apparently the additional adjusted parameters needed for 
AC 67.05 weaken the solution sufficiently to sake the high declination 
data less useful . 

A different picture emerges when comparing the baseline KDE. 
Schedule B has between 30% and 45% smaller errors than schedule A with 
60% fewer observations. While more observations of the same precision 
always decrease the ROE, the added data can increase the MDE. Schedule 
C ha3 larger HDE than schedule B in baseline length and longitude and a 
smaller MDE in latitude. The additional observations degrade the 
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precision of the length and longitude more than they improve the 
latitude. 

If the estimation is dominated by external noise as shown in 
table IV. 28, the usefulness of a high declination source is aore 
apparent. Schedule C is between 15% and 25% better than schedule B in 
baseline length and latitude for both HOE and total error while 
essentially the same in longitude. Schedule C is also better than 
schedule A in total length and latitude errors while worse in 
longitude. The differences are roughly 15%. 

Schedule A is actually taking data 44% of the tiae while 
schedules B and C use 17% and 22%. respectively. Since the baseline 
length is usually the paraaeter of greatest geodetic interest, the 
results discussed above show that a sparse schedule is preferrafcle if a 
saall number of sources is observed and the signal-to-noise ratio is 
the limiting factor. Less tape is used and the total baseline error is 
saaller. If external noise is doainant the picture is less clear. The 
addition of a fourth source suitably placed can result in a saaller 
total baseline error than a coapletely filled schedule while giving the 
saae NOE. 

4. Six to nine source schedules 

Schedules D through I used a larger r.uabe 1 * of sources. Schedule 
D comprised three pairs of sources distributed in right ascension and 
declination. Each pair included a low declination source (<S deg. 
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3C 120, 3C 273, PIS 2134+00) and a middle declination source (~ *10 deg, 
3C 84, 3C 345, VHO 42.22.01). The right ascensions were chosen so that 
for all except one hou.' at least two sources were visible. There is a 
gap after 3C 64 sets when 3C 273 is the omy source available. The 
sources were observed as often as possible with soae eaphasis on 
tracking thea to the elevation liait. Schedule E is identical to 
schedule D except that a pair of observations of 4C 67.05 was 
substituted at one hour Intervals. The nuaber of observations on the 
other sources was consequently reduced. 

In schedule F observations on 0J 287 were added to suppleaent the 
interval where 3C 273 was the sole source. 0J 287 falls in the gap in 
right ascension between 3C 120 and 3C 273. Observations on 3C 84, 

3C 120, 3C 273 and 3C 345 were reduced to allow coverage of 0J 287. 
Schedule G is schedule F altered by the substitution of 4C 67.05 every 
hour. 


0G 208 was added to the previous schedules, filling the right 
ascension gap between 3C 273 and 3C 345, to give schedule H. The 
nuaber of runs on all the other sources except 3C 12 0 was reduced. In 
a Banner parallel to schedules E and G, schedule I was generated b, 
adding 4C 67. G5. 

The schedules are plotted in figure IV. 6. 

Despite the fact that schedule D has nore observations tnan 
schedule A, the baseline NOE with SNE measurement uncertainty weighting 
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Figure IV. 6 Comparison of schedules D, E, F, G, H and I 
Time in UT for August 21, 1975 
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(table IV. 27) are considerably worse, more than twice as bad in 
baseline latitude. With MDE included, schedule D is better by 20% in 
length and 40% in longitude but a factor of two worse in latitude. All 
errors are smaller in schedule E than in schedule D, but the NOE still 
do not improve upon schedule A. The total errors for schedule E are a 
factor of 4.5 better in length, 40% better in longitude, and 11% better 
in latitude than those for schedule A. The total latitude error is not 
better than for schedules B and C, however. 

In the case where external noise is present (table IV. 28), 
schedule D is still worse than the four source schedule except for 
baseline longitude. Schedule E has roughly half the errors of schedule 
D in length and latitude but a slightly larger error in longitude. It 
is better than all the three and four source schedules by more than 30% 
in all parameters with the exception of longitude NOE. 

The results from schedules D and E show that a considerable 
change in the projected errors can occur for a relatively small (12%) 
redistribution of observations to a high declin-.tion source. The 
length and latitude show the most improvement, up to a factor of 3*6. 
The longitude error generally increases but not by more than 14%. The 
increase in longitude error is caused by the dependence of the partial 
derivative of the longitude on the cosine of the source declination. 

The high declination source is both weaker than the sources it replaces 
and contributes less to the estimation of the longitude. 

The addition of 0J 28? in schedule F produces large changes in 
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the uncertainties. With SNE measurement uncertainty weighting and 
considering the NOE, schedule F is better than schedule D by 30 J in 
length and latitude while marginally worse in longitude. The total 
error is 5.5 and 4.1 times better in length and latitude although the 
longitude is only slightly improved. The baseline errors are also 
improved in the case of external noise not by as much. The larger 
improvement in the the case of SNE measurement uncertainty weighting 
arises from the high source flux of OJ 287. The fact that the 
improvement also occurs with external noise indicates that the 
observing configuration is actually strengthened. 

The relationship between schedule F and schedule G (4C 67.05 
included) is similar to the relationship between schedules D and E. In 
three cases (baseline NOE from SNE measurement uncertainty » ghting 
and both NOE and total error with constant external noise added) the 
errors for length and latitude are improved by the high declination 
source while the longitude is 3lightiy worse. In the case of total 
error with SNE measurement uncertainty weighting, schedule G has a 
worse uncertainty in length but a smaller error in longitude than 
schedule F. 

A comparison of schedules E and F is instructive. Both are 
variations on schedule D with the addition of another source. With SNE 
measurement uncertainty weighting and considering the NOE, schedule F 
is a slight improvement over schedule E in all parameters. The total 
error is between 30% and 40J better in length and latitude while the 
longitude is only marginally improved. Most of the effect is caused by 
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the relative strength of OJ 287 compared to 4C 67.05, 6 J instead of 
1.9 J. This conclusion is supported by the fact that the baseline 
errors with external noise are essentially the same for schedules E and 
G. OJ 287 does not contribute significantly to the observing coverage 
when 4C 67-05 is already included. In the presence of noise schedule F 
is between 25% and 50% worse than schedule E in length and latitude for 
both NOE and total error. The longitude error in schedule F is 
slightly less. The usefulness of expanding the schedule to include 
OJ 287 is therefore dependent on whether external noise is present. If 
the system is limited by the signal-to-noise ratio, then OJ 237 
strengthens the baseline estimation. Otherwise it is better to ur-> 

4C 67.05. 

Although Cnj 208 is a weak source, it does have some effect on the 
errors. Looking at schedule H in table IV. 27, there is no significant 
change in the baseline NOE derived from SNE measurement uncertainty 
weighting compared to schedule F. However, there is a 25% improvement 
in the total longitude and latitude errors. The total length error is 
15t worse. The effect of adding 0Q °08 can be uore readily seen in the 
case of external noise as shown in table IV. 28. There is a decrease of 
10* to 30J for all erro. a with the largest change in the longitude. 

The addition of both 0Q 206 and 4C 67.05 is not significantly 
better than the previous schedules if only signal-to-noise measurement 
uncertainty is important. The baseline NOE are almost the same for 
schedule I and schedule G. There is a 35% improvement in the total 
length error but the total longitude and latitude errrors show little 
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improvement. Part of the difficulty lies in taking tiae from stronger 
sources to observe two weaker sources. If source strength is not the 
primary factor in determining the observation errrors, then the 
geoaetry of OQ 208 and AC 67.05 are useful. In table IV. 28 there is a 
’0} iaproveaent in length and latitude froa schedule G to schedule I 
and a 301 iaproveaent in longitude for both UQE and total error. As iu 
the other schedules, the addition of AC 67-05 weakens the longitude 
estimation slightly while iaproving the length and latitude. 

5- Eleven source schedules 

It is possible to continue adding sources to the schedule - 
However, the additional parameters required for extra sources begin to 
weaken the entire estimation. This problea can be seen in schedules J 
and (C, which are shown in figure IV. 7. These schedules use eleven 
sources compared to a maximum of nine for the previous schedules. 

NRAO 150, AC 39.25 and 3C 45A.3 are added and OQ 208 is dropped. The 
three new sources 3re quite strong with fluxes ranging froa A J to 8 J. 
As a result the baseline NOE using measurement uncertainty weighting 
are improved by 351 in length and 251 in latitude compared to schedule 
I. The longitude is 101 worse. The total errors are considerably 
worse however. In particular, schedule J has roughly twice the total 
length and longitude error and five times the latitude error of 
schedule I. 

There is a large difference between schedules J and K in total 
baseline errors which is caused by the observing strategy. Both 
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Figure IV. 7 Comparison of schedrles J and X 
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schedules a* tear t to aaxlalze coverage on all sources except 4C 67.05. 
•Schedule J distributed the observations on a source fairly uniforaly 
over the period of visibility while schedule K observed each source 
coninuously for half an hour at rising and setting. *C 67-05 ns not 
observed as frequently because of its low flux. The total length 
errors are approxiaately the saae for both schedules, but the total 
longitude error is $Qt less and the latitude error 45Y less in schedule 
K oven though 6C 67.05 was observed fewer tines. 

In the case of constant external noise schedules J and K are 
clearly worse than schedule I in longitrde and latitude. The length 
errors are coaparable. Schedule K has smaller total longitude and 
latitude errors than schedule J but they are still larger the the 
errors for schedule I by roughly 35S. 

The coapartscn of schedules A through K shows that it is 
necessary to select sources judiciously ever, out of the limited rnaber 
available. Observations on a minimum or maximum number of sources can 
give deceptively good results if MDE and external noise are ignored. 
Contrary to the expectation that the largest set of sources is best, 
tne best results are generated by observing a moderate number of 
sources. Even relatively small model errors in the solid earth tide 
and diurnal polar motion cause modeled errors which are several times 
the noiss-only error if stgr.al-to-noise measurement uncertainty is the 
limiting factor. The length and latitude total errors are at least 
twice the noise-only error while the longitude error is nine times 
larger. Since the modeled errors are relatively unaffected by changes 


- 251 - 



in the observation weighting, they would not be reduced substantially 
by improvements in the measurement uncertainties. 

6. Haystack - Goldstone schedule 

Schedule L is grouped with schedules J and K in observing 
strategy, i.e., using a large number of sources. It differs in being 
developed from an actual observing schedule for the Haystack and 
Goldstone antennas. Because of the slow slewing rate of the Goldstone 
antenna and cable wrap constraints, the number of observations is 
reduced. 4s can be seen from table IV. 27, the larger collecting area 
reduces the baseline HOE if oHc measurement uncertainty weighting i.« 
used. Schedule L is 20% better in length, 10% better in longitude, and 
60% better in latitude than the best values from the previous 
schedules. The total errors are worse than most of the schedules, 
however. In comparison to the best values, the total length error is 
larger by a facter of t.2, the longitude by 2.3 and the latitude by 
2.7. It would be necessary to reduce the model errors considerably 
before the high sensitivity of the larger antenni is usabla. If in 
fact the system i3 dominated by external noise, the smaller number of 
observations forced by the slower slewing causes even the NOE to be 
poor. One factor that is not considered here is the threshold of 
detection. A larger antenna cay necessary ir order to find anv fringes 
at all for weak sources. Once the fringes are detected, the 
measurement uncertainty computed from the 3ignal-to-noise ratio can be 
used to weight the ibservations in the analysis. 
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7. Baseline length optimized schedule 


Schedule N was generated by a completely different algorithm. 

The previous schedules attempted to provide complete hour angle 
coverage of all the sources observed. For schedule H the observations 
were picked to maximize the partial derivative with respect to the 
baseline length. Each observation was weighted by the signal-to-noise 
measurement uncertainty. As a result the strongest source visible was 
usually picked. From tables IV. 27 and IV. 28 it car. be seen that this 
strategy leads to a very poor schedule if a full set of adjusted 
parameters i3 used. Table IV. 29 shows the results if only the Pioneer 
site and clock parameters are adjusted. The other parameters were 
included as contributions to the MDE. In this case the baseline length 
HOE is in fact less than that for any other Haystack-Pioneer schedule. 
The total errors are poor, however. The length and longitude total 
errors are greater than the corresponding errors for the other 
Haystack-Pioneer schedules. The total latitude error is better than 
schedules A-I but worse than schedules J and K. It is clear that this 
type of simple approach does not give good results. 

8. Conclusions 

These simulations indicate that although there are general 
trends, it is difficult to select a schedule which gives the best 
estimate of the baseline parameters. Neither the strategy of maximum 
sources nor the selection of maximum baseline length derivative yields 
the best results. Based on the antenna parameters and schedules 
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studied , it appears that a good number of sources to observe for 
geodetic purposes is approxiaately ten. Since it is the entire 
schedule which determines the NOE and MDE for the adjusted parameters, 
it is unlikely that any method of scheduling which picks observations 
one at a time will give the optimum schedule. 

E. Comparison of simulated and actual experiments 

The data taken on the Haystack - OVRO baseline between Sept. 29, 
1976 and Oct. 15, 1976 fora a useful set for comparison c* simulations 
with actual experiments. The observations were scheduled using the 
program ESTIM. However, because of insufficient time, schedule 
coaplexity, schedule changes, and the novelty of the baseline, the 
final observing schedules were not optimized. After the Mark I data 
tapes were processed at Haystack Observatory, the reduced data were 
transferred to data base files at GSFC using a series of temporary 
progras. Parameter estimation was done with the SOLVE program 
described in appendix B. 

A summary of the observations for each session is given in 
table IV. 30. Each set covers approximately one day. The data for 
10/09 and 10/11 are the parts of a longer observing session which 
produced useful results for baseline measuremerts, the other time being 
used for source structure, occultation, and lunar ALSEP observations. 
The observations included as "scheduled" are those in the original 
schedule between the first and last times, inclusive, for which good 
data were taken. Consequently, runs lost because of intial setup and 
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Table IV. 30 Individual experiment statistics for Haystack - OVRO observations 
from 76/09/29 - 76/10/19 



scheduled 

taken 

good 

taken/sch. 

good/sch. 

good/taken 

76/09/29 

231 

212 

188 

.92 

.81 

.89 

76/10/09 

297 

230 

180 

.93 

-73 

.78 

76/10/09 

226 

222 

156 

.98 

.69 

.70 

76/10/11 

171 

163 

118 

.95 

.69 

.72 

76/10/19 

228 

201 

198 

.88 

.65 

.79 
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early shutdown are not included in the statistics. Runs "taken” 
include those tape pairs actually processed on the Mark 1 correlator. 
"Good" data are those which contributed to baseline solutions. As 
shown in the fourth column, the fraction of runs taken is high but far 
from perfect. The causes of loss were equipment failure, operator 
errors, and, less commonly, disappearance in shipping. 

The fraction of good data for 09/29 is quite different from the 
other days. The cause can be seen more easily in table IV. 31 where the 
observations are divided by source. The data from 3C 279 varied widely 
in quality over the different days because of the source's occultation 
by the sun during the period. Scintillations in the corona usually 
preclude useful Mark I observations when 3C 279 is less than ten solar 
diameters away from the sun. 09/29 is the only day on which most of 
the 3C 279 runs were good. 

3C 120 was observed only on 09/29. It was dropped from 
subsequent schedules because data taken earlier in September and 
processed after the 09/29 schedule was made indicated that the source 
would not be detectable. In fact 3C 120 was one of the most reliable 
sources. 3C 454.4, which partially replaced 3C 120, was also reliable. 
The schedules would have been strengthened if both had been included. 

Of the other sources the least reliable were 3C 279, VR0 42.22.01, and 
3C 84. The latter two sources had varying visibility functions which 
fell below the sensitivity threshold of the baseline. The low region 
for VRO 42.22.01 caused it to be undetectable for several hours. 3C 84 
had much sharper dips which removed the source from several parts of 
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Table IV. 31 Individual source statistics for Haystack - OVRO observations 
from 76/09/29 - 76/10/14 


s - number of times scheduled 
t - number of observations processed 

g - number of data points used in parameter estimations 



09/29 

10/04 

10/09 

10/11 

10/14 


3 t g 

s t g 

s t 

g 

a 

t 

g 

s t g 

3C 84 

36 36 33 

36 34 26 

42 42 

30 

29 

29 

21 

42 40 28 

3C 120 

21 19 17 








4C 39.25 

33 28 25 

39 35 27 

39 39 

33 

37 

32 

30 

47 41 29 

3C 273 

23 21 19 

22 18 14 

22 22 

17 

20 

18 

11 

27 20 16 

3C 279 

19 18 16 

19 14 5 

19 19 

0 

17 

17 

0 

21 12 7 

3C 345 

18 18 16 

12 12 10 

9 9 

8 

6 

5 

3 

9 9 7 

PKS 2134+00 

33 31 29 

32 31 26 

25 24 

20 

18 

18 

17 

20 19 16 

VR0 42.22.01 

48 41 33 

48 47 36 

38 38 

23 

28 

28 

21 

35 33 20 

3C 454.3 


39 39 36 

32 29 

25 

16 

16 

15 

27 27 25 


scheduled 

taken 

good good/sched. 

good/taken 

3C 84 

185 

181 

138 


.75 



-76 

3C 120 

21 

19 

17 


.81 



.89 

4C 39.25 

195 

175 

144 


.74 



.82 

3C 273 

114 

99 

77 


.68 



.78 

3C 279 

95 

80 

28 


.29 



• 35 

3C 345 

54 

53 

44 


.81 



.83 

PKS 2134+00 

128 

123 

108 


.84 



.88 

VRO 42.22.01 

197 

187 

133 


.68 



.71 

3C 454.3 

114 

111 

101 


.89 



• 91 
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the schedule. 


Absence of fringes was the most frequent cause for run3 actually 
taken to be useless for baseline estimations. Other problems were 
excessive parity errors and short records. 

Each day was analyzed separately with SOLVE, The OVRO station 
coordinates, all source coordinates except the right ascension of 
3C 273, a single atmosphere parameter for each station, and clock 
offset and rate were adjusted. The atmosphere parameter at Haystack 
was a scale factor for the Marini model based on actual weather data. 
OVRQ's atmosphere parameter was the zenith thickness. Solutions from 
delay data only were used to calculate the normalizing error needed to 
bring the root-scaled-mean-square residual to unity. 

The average measurement uncertainties (calculated from 
correlation coefficients and bandwidths) and normalizing errors are 
presented in table IV. 32. The measurement uncertainty averages include 
only those points used in the solutions. Several other data sets are 
included for illustrative purposes. As can be seen from the last two 
columns, the normalizing error is larger than the measurement 
uncertainty, dominatingly so for delay rate. The source of the 
additional error is most likely to be short term clock and atmosphere 
fluctuations. There is no strong correlation with large scale 
atmosphere effects, at least with Haystack weather. Even though a 
3torm passed through the Haystack area with pressure minima during 
10/09 and 10/14, the normalizing errors for those days and the day 
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Table IV. 32 Haystack - OVRO observations: -<erage measurement uncertainties 
over good data points and normalizing errors 


measurement normalizing ratio (n/: 

uncertainty error 



delay 

ns 

rate 

ps/s 

delay 

ns 

rate 

ps/s 

delay 

rate 

76/09/29 

.0819 

.0254 

.111 

.216 

1.36 

8.50 

76/10/04 

.0825 

.0263 

.203 

.192 

2.46 

7.30 

76/10/09 

.0805 

.0241 

.199 

.169 

2.47 

7.01 

76/10/11 

.0677 

.0207 

.077 

.103 

1.14 

4.98 

76/10/14 

.0847 

.0260 

.187 

.137 

2.21 

5.27 

76/12/14 

.0620 

.0195 

.068 

.086 

1.10 

4.41 

76/12/15 

.0^63 

.0232 

.129 

.090 

1.69 

5.5." 

77/03/27 

.0798 

.0238 

. 127 

.112 

1.59 

4.71 

77/06/26 

.0829 

.0286 

.145 

.143 

1.75 

5.00 

average 

.0776 

.0242 

.138 

• 139 

1.75 

5.86 
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hetween are leas than the error for 10/0*. Heather data at 0VR0 was 
not available at the tine of processing. 

In order that the simulations cover the saae periods as the 
actual experiments, the original schedules were truncated to the 
intervals of time included in the "scheduled" observations of 
table IV. 30. Each experiment was simulated with delay only using the 
source parameters in table IV. 3* and the Haystack parameters in 
table IV. 32. The antenna diameter, antenna efficiency, and receiver 
temperature Tor 0VR0 were 39-6 a, 6Qf, and 12J d«g K, respectively. 

The effects contributing to modeled error (MDE) were solid earth tides 
and diurnal polar motior with uncertainties of 0.05 for Love h, 0.01 
for Love l, ana 0.2 for the diurnal polar motion scaling factor. Two 
simulations were done for each experiment. In the first the 
measurement uncertainty for each observation was calculated from source 
and system parameters. In the second a constant noise of 0.1 nsec was 
root-sum- square added to the previous measurement uncertainty. 

The results for the actual and simulated baseline formal errors 
are shown ;n table IV. 33- The first colimin is the formal et.or from 
parameter estimations using the actual delay data weighted by the 
rooc-sun-square of the measurement uncertainty and the normalizing 
error. The second and third columns come from the simulations using 
oniy souroe/svstem measurement uncertainties. The fourth and fifth 
columns »re derived from simulations in which tiu cons ant noise was 
included. Two comments can be mace here. In the absence of constant 
noise the MDE domine.es the simulated errors. With constant noise 
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Table IV. 33 Coaparislon of actual and simulated parameter formal errors 

for baseline length, longitude, and latitude from Haystack - OVRO 
observations using delay only 

col. 1 - formal er~or from actual data 

2 - simulated error from S/N measurement uncertainty only 

3 - simulated error from S/M uncertainty and modeled error (NDE) 

4 - simrlated error with constant 0.1 nsec noise added 

5 - sisulc^ed error with constant noise and modeled error (MOE) 

6 - rati': r * formal error to simulated error from constant noise ♦ MDE 

7 - error ratio scaled by experiment normalizing error 

8 - scaled error ratio adjusted by fraction of good data 


Length 

1 

2 

3 

4 

5 

J 

7 

8 


cm 

cm 

cm 

cm 

cm 




76/09/29 

3-2 

.12 

-53 

2.0 

2.1 

1.48 

1.33 

1.C5 

76/10/04 

4.9 

.11 

.93 

1.7 

2.0 

2.48 

1.2 2 

.87 

76/10/09 

6.1 

.11 

.84 

1.9 

2.0 

3-12 

1.57 

1.07 

76/10/11 

4.0 

. 3 

.55 

2.2 

2.3 

1.72 

2.23 

1.56 

76/10/14 

5-0 

.11 

.55 

1.9 

2.0 

2.47 

132 

.84 

average 






2.25 

1-53 

1.08 

Longitude 

1 

2 

3 

4 

5 

6 

7 

8 


-.01 

".01 

".01 

*.01 

".01 




76/09/29 

-65 

.022 

.06 

.38 

• 39 

1.68 

1.51 

1.19 

76/10/04 

.82 

.018 

.20 

-31 

.42 

1-93 

-95 

.67 

76/10/09 

-79 

.019 

. 16 

-31 

.41 

1.90 

.95 

.65 

76/10/11 

.55 

.024 

.18 

.44 

.49 

1-13 

1.47 

1.03 

76/10/14 

.80 

.019 

.05 

-32 

-33 

2.43 

1.30 

-83 

average 






1.81 

1.24 

.87 

Latitude 

1 

2 

3 

4 

5 

6 

7 

8 


".01 

".01 

".01 

".01 

".01 




76/09/29 

.76 

.'28 

.10 

.46 

.47 

1.62 

1 .46 

1.15 

76/iO'04 

.87 

.020 

.22 

• 34 

.43 

2.01 

-99 

.70 

76/10/05 

• 9<5 

.021 

.19 

-35 

.43 

2.30 

1.16 

.79 

76/10/11 

1.02 

.028 

.17 

.52 

.54 

1.87 

2.43 

1.70 

76/ i C / 14 

.89 

.021 

.06 

.35 

-37 

2.43 

1.30 

.63 

average 






2.05 

1 .47 

1 -03 
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included the NOE is generally not an important additional tern. 

The sixth coluan of table IV. 33 is the ratio of actual formal 
errors to the simulated errors of the fifth column. The ratio averages 
for the three baseline parameters ace roughly 2 , but there is wide 
variation over the several days, A component of the variation can be 
attributed to the range of the normalizing errors. The seventh column 
is computed by scaling the sixth coluan by the ratios of the individual 
day normalizing errors to the constant 0.1 nsec noise. 10 11 is the 
only day for which the seventh coluan is larger since its normalizing 
error is less than 0.1 nsec. This day is anomalously clean and stands 
out in the seventh column uc.der length and latitude. If 10/11 is 
ignored, the variation _ length is considerably reduced while the 
variations in longitude and latitude are not substantially changed. 

The eighth column is the seventh column adjusted by the fraction 
of data for each day actually included in the parameter estimations. 

The average values come closer to unity, an indication that part of the 
discrepancy between actual and simulated errors is caused by data loss. 
However, the variation between experiments is not reduced. 

The fact that the sixth column shows wide departures from unity 
indicates that the individual day fcraal errors are poorly predicted. 
The fact that the normalizing errors are large compared to the average 
measurement uncertainties and have considerable vari .tion is an 
indication that it would be difficult to predict indi 'idual day formal 
errors. Another consequence of the large, scattered normalizing errors 



is that schedules whose simulated errors differ by less than 50i 
probably would not give significantly different results. 

The scatter of the baseline estimates between ainiaua and aaxiaua 
values is 15 ca in length, 0.036 arc sec in longitude, and 0.C27 arc sec 
in latitude. These values are 2.9, *-9, and 3-0 tines the average 
actual foraal errors in length, longitude, and latitude, respectively, 
at.-* 7.:, 8.7, and 5-9 tines the corresponding average siaulated errors. 
The scatter is fairly consistent with actual errors but auch larger 
than the siaulated errors. The accuracy of the prediction of scatter 
could be iaproved in several ways: 1) constant external noise closer to 
the average noraalization error derived fron experience, 2) inclusion 
of ataosphere and clocks as sources of Modeled error, and 
3) construction of schedules to improve the fraction of good data. The 
effect of data loss because the original observing schedules cannot be 
followed as a result of slow setup or equipaent failure is largely 
unpredictable. The problem could be alleviated by acre reliable, 
permanently installed VLB1 terminals. 



CONCLUSION 


A. Summat y 

This work has dealt with several aspects of hign precision 
interferometry . Several improved algorithms, including diurnal polar 
motion and solid earth tides, were developed as part of the models 
necessary for parameter estimation and experiment simulation. VLB! 
data have been used to estimate diurnal polar motion, it was found 
that McClure's model does not fully explain the effect seen. The size 
of the diurnal polar motion scaling factor was significantly changed by 
Melchior's corrections to the standard nutation series. It is 
conceivable that further refinements of nutation would yield results 
for diurnal polar motion more consistent with McClure's model. An 
experiment simulation and error analysis program was developed and 
applied to an optical test of relativity, measurement of polar motion 
and UT1, and optimization of baseline errors. It was found that tne 
optical configuration studied could produce interesting results given 
some improvement in measurement uncertainty. It was also found that 
the We3tford-Fort Davis-Fairbanks triangle is the better choice for the 
POLARIS polar motion network and that b e °Physical effects should be a 
small error source. The strategy of observing the largest number of 
sources was found to be a non-optiaal method of reducing baseline 
errors. 

S. Remaining problems 
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The regaining problems may be divided into two areas: 

1) instrumentation and physical effects, and 2) data and experiment 
integration structure. 

1. Instrumentation and physical effects 

The frequency standards have been and continue to be a difficult 
problem. New hydrogen masers under development at GSFC should 
alleviate this problem in the future. However, better methods of 
treating old da~ either by numerical filtering or improving clock 
models, are still necessary. 

The atmosphere is probably the largest error source affecting 
current VLBI observations. The meteorc logical sensors and radiometers 
which are part of the Mark 111 system wil usably eliminate this 

problem in the future. More work is requi. „ on radiometer 
ins‘rumentation and physical models before the wet component can be 
accurately monitored. The existing data can be improvec by using the 
est available meteorological records and modeling both the dry and wet 
components. 

The ionosphere has been a hidden effect ir mo.' t past VLBI 
analyses. Dual frequency observations were recorded in October 1976, 
but the second frequency data were too ncisy to oe useful. There is no 
fundamental difficulty in using two frequencies and better feed horn 
and amplifier designs should improve the data considerably. 
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Ma. 1 VLBI observations since September 1976 have suffered from 
low sensitivity. The Hark III recorder will increase the recorded 
bandwidth. Other steps aust be taken to improve antenna efficiencies 
and receiver systea temperatures . 

While a nuaber of source structure naps have been aade, the 
results have not been entered into the data base for use in correcting 
the delay and delay rate observables. As other errors are reduced, 
this effect will become aore important . 

The currently used values of the precession constant and the 
nutation coefficients are not the best available. Since VLBI uses a 
fundamentally different celestial reference frame from optical studies, 
it would be desirable to estimate these parameters simultaneously so 
that errors in the theory of the earth's motion do not propagate into 
other parameters. 

The effect of ocean loading displacement has been ignored in the 
past and should be modeled if precision at the 2 cm level is desired. 

2. Data and experiment integration structure 

The largest bottleneck in the Mark III data and experiment 
integration structure is its incompleteness. Several large sections 
have not been implemented including the scheduler, the field 
controller, and a data editor. Very little of the older data has been 
entered into the data base. A large data base is necessary for many 


-266- 



astrometric and geophysical studies. These are not fundamental 
problems but do severely limit the usefulness of the system. In 
addition, the data base handler is annoyingly slow in operation. Some 
work must be done to increase its speed. A simpler, more controlled 
system for transferring the data base from one machine to another must 
be developed. 

The section of the Mark III system for parameter estimation could 
be improved. The number of adjustable parameters is currently limited 
to ^5- A much higher number (200-500) is required to work with large 
data sets. There is no capability for differencing or filtering data 
to remove the effects of erratic clock behavior. The current system of 
saving solutions is not adequate for recovering the exact configuration 
of data ana parameters used initially. It would be desirable to save 
normal equations for both global (e.g., station coordinates, source 
positions, or Love numbers) and experiment-specific (e.g.; clock 
polynomials or atmosphere zenith thicknesses) parameters so that 
additional data could be treated incrementally. 

The experiment simulation ana error analysis program also lacks 
the capability for treating differenced observations. Some algorithms 
for handing statistical error models and correlated osbervations are 
needed. Source visibility data should be included to give more 
realistic measurement uncertainties. The program now exists outside 
the data base structure ana must be integrated. 

C. Future projects and possibilities 
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The value found for diurnal polar notion disagrees with theory. 
Different paraaeterizations and other node Is such as dissipative 
core-mantle coupling should be tried. A longer span of data should be 
used as new data are taken and better net hods for handling old data are 
developed. The study of diurnal polar notion should be broadened so 
that nutation and solid earth tide paraaeters can be simultaneously 
adjusted since all these effects have a common origin. 

While the interferometer configuration which was studied for an 
optical test of relativity would require sone improvement in 
measurement uncertainty, other baseline configurations and analytical 
approaches should be investigated. In particular, differential 
measurements with a polar W0VLB1 should be examined. At radio 
frequencies the Mark III system will permit group delay observations 
closer to the sun than previous experiments. This geometry should be 
investigated to ’e if the earlier phase delay result can be improved 
upon. 


The simulation of polar motion and UT1 measurements indicated 
that the POLARIS network should be able to perform from two to ten 
times better than conventional optical techniques. The routine 
processing of POLARIS observations should provide daily polar motion 
ar* "T1 values with considerably less time lag than the present BiH and 
IFMS distributions. 

T e precision which is possible with baseline neas'irements can be 
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applied in several areas. Intercontinental measurements can establish 
a world-wide geodetic network independent of local azimuth and 
vertical. The various datums can be joined to provide direct 
measurements of the figure of the earth. The question of glacial 
rebound, which is now dependent on gravimetric and geological data, 
could be addressed with direct displacement measurements. 
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Appendix A. 


MARK III INSTRUMENTATION 

The following description has been compiled from meetings, 
memoranda, and discussions of the Mark III design group. A. R. Whitney 
was particularly helpful in correcting and updating the material. 

1. Mark III field system 

The Mark III field system may be thought of in four connected 
parts, the receiver front end, the recorder back end, the environmental 
sensors, and the VLBI controller. The entire system is diagrammed in 
figure A.1. The system is run by the controller, which is an HP 21MX 
minicomputer with a 32K word core-based operating system. Using 
schedule input, the controller sets the receiver and recorder 
configuration, directs the telescope to position, starts and stops the 
data tape drive, monitors the system's functions, and logs all 
necessary information. It interfaces with the other components of the 
system through a series of ASCII transceivers. The ASCII transceivers 
are control devices that can be addressed individually or as a group. 
Each unit has 32 bits of input, 32 bits of output, and 8 to 10 control 
lines. There is also an alarm line and an auxiliary line, which set an 
interrrupt in the controller and the data rate, respectively. Each 
transceiver, or all of them together, can be commanded to send a 
message to its device, return a message to the controller, pulse a 
control line, interrogate its device, or ready itself for input from 
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its device. The input and output buffers in each transceiver are 
separate. 

The receiver has separate systems for X band (8 GHz) and S band 
(2 GHz). While several receiver boxes have been built specifically for 
the Mark III system, other receivers can be used if the calibration 
system and the c-.r.-rol/monitor port are added. The phase calibration 
system injects timing pulses into the receiver along with the received 
signal. Since the epoch of the data is determined directly from the 
phase calibration signal rather then from the station clock, the 
calibration system also measures the electrical length of the cable 
which carries the phase calibrator signal up to the receiver. The 
correct operation of the local oscillator chain can also be checked by 
detecting the phase calibrator signal in the IF frequency. The 
control/monitor port is used to control the beam switch and to check 
the receiver performance. Both the calibration system and the 
control/monitor are interfaced with the controller via an ASCII 
transceiver. 

The recorder back end is organized abound a Honeywell 96 
instrumen' ion tape drive which records 28 parallel tracks on one-inch 

wide tape. The normal reel size is 9200 feet but reels up to 
12800 feet are available. The drive records in both directions and has 
read-after-write capability in one direction. The recording speed is 
controlled by an external reference frequency and car. be set at 135, 

6". 5, 33.75, 1 6 . G ' 5 , and 8.4375 inches per second. The recording 
density is approximately 33000 bpi . 
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For each track there is a separate IF to video frequency 
converter producing both upper and lower sidebands and a video to 
digital formatter synched to the station 1 PPS and driver VLBI clock. 
Each track ii independently encoded with time code, auxiliary data, 
data bit 1 and parity bits. Each frame is 22500 bits long, divided 
into 125 blocks of five 36 bit words. The first block contains 
auxiliary data such as station name and tape reel identification, 
synchronization bits, and the time code. The rest of the frame is 
data. See figure A. 2. The data sampling rates are 4, 2, 1, 0.5, and 
0.25 Mbits/sec. The writing of each track is controlled independently 
by the formatter ASCII transceiver. 

Each IF to video converter module contains a synthesizer and a 
total power integrator. The output bandwidths are 2 , 1, 0.5, 0.25, and 
0.125 MHz with both upper and lower sideband outputs. There is an 
external spigot if a filter for an unusual banduiuth is necessary. The 
local oscillator can be set between 100 MHz and 500 MHz in 10 kHz steps 
so that the sampled observation frequencies can be adjacent or widely 
separated in the total passband. The position of tne phase calibrator 
signal in the passband is determined by this local oscillator setti •* 
The total power integrator converts the square law detector output to a 
frequency and counts it for a specified time interval. The upper and 
lower sideband outputs, the IF input, or the LO power can be measured. 
The synthesizer can be set manually or via the ASCII transceiver. The 
power readings can likewise be read via the ASCII transceiver. The LC 
setting and the power readings are also displayed on the module front 
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panel. To minimize the number of special filters required if only a 
few tracks are recorded at a tine (as in spectral line work), several 
video converters are aultiplexed to access all the formatter track 
inputs. 

The IF distribution box has 42 output channels, 21 for each RF 
band, to allow an unequal split of the ni jber of tracks assigned to 
each of the two RF bands. The bands are normally S and X band. There 
are four inputs, two for each observing frequency. There are two 
output ports for each channel, high and low IF. Each output channel 
has a single step attenuator and a total power detector. The port 
selected for a particular channel is connected to its video converter 
by a jumper cable. 

The VLB1 timing and clock module is set with the date and time of 
day at the beginning of an experiment with an external clock pulse. It 
provides the time code for writing on the data tapes. 

The clock comparator monitors the behavior of the internal and 
external clocks. Each clock generates one pulse per second and the 
comparator checks the time interval between pulses from different 
clocks against the internal clock. It is controlled and read by an 
ASCII transceiver. 

The playback quality monitor contains two read channels with two 
full decoders. The channels are controlled and read by an ASCII 
transceiver and can access any track on the tape drive immediately 
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after writing or during playback. The data read back is used by the 
controller to check formatting , bandpass shape, and phase calibrator 
behavior. 

The environmental sensors are also read and controlled by an 
ASCII transceiver. The meteorological sensors return the ambient 
temperature, humidity, and barometric pressure. The water vapor 
radiometer measures the brightness temperature on the shoulders of two 
water vapor lines. The ASCII transceiver points the radiometer in 
various directions and reads back the brightness temperatures. 

2. The Mark III processor 

The Hark III processor is a hard-wired correlator controlled 
through an HP 21MX minicomputer with a disk-based operating system. A 
block diagram of the processor is given in figure A. 3 while the 
external arrangement is shown in figure A. 4. The processor contains a 
set of parallel modules, each working on a single track pair and 
producing eight complex delays for the correlation function. For a 
three station, 28 track observation, 84 modules are in operation. Each 
module runs asynchronously and is serviced independently by the 
correlation program (COREL). Since the modules are entirely 
independent, they all can be directed to a single track for 672 
auto-correlation points or to a single pair of tracks for 336 
simultaneous auto-correlation and cross-correlation points. For 
spectral line precessing, the number of auto-correlation points need 
only be half of the number of cross-correlation points, however. COREL 
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interpolates the delay, fringe rate, and fringe phase from an input 
file and updates values to each aodule as needed. Up to 15 bits of 
offset and 2 seconds are allowed between updates. The correlation 
prograa also sends the correct rotator rates for extracting the phase 
calibration signal in each channel and gating information if pulsar 
data is being processed. COREL controls the tape drive playback speeds 
to keep the aodule bit buffers in step. When a module has summed data 
for the prescribed accumulation period, COREL reads out the time, eight 
coaplex delays of the correlation function, and tape error counts and 
puts thea in another external file for archiving and further 
processing. 

The modules of the processor communicate with COREL using CAMAC 
dataways, over which processing parameters are received and complex 
delays, buffer status, time, and auxiliary data are returned. A module 
accepts data from two inputs, which may be a pair of tracks or a single 
track. The data from the first track are decoded and rotated by an a 
priori fringe rate. The data from the second track are decoded and 
placed in a 4000 bit buffer. At the same time the buffer is being 
filled, the data with the proper delay are read out for correlation 
with the first bit stream. The speed of the tape drive which is 
supplying the second bit stream is controlled by a frequency 
synthesizer programmed by COREL to keep the buffer write and read rates 
equal. The fringe rate rotator uses a 24 bit phase register. The 
phase of the fringe rate rotator is updated every nth data bit, where n 
can be set under program control to 1, 2, 4, 8, or 16. The maximum 
fringe rate that can be handled is 1/n times the recording bandwidth. 
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Under normal processing n is chosen to give a fringe rate resolution of 
15 mHz for bandwidths less than 4 MHz and 30 mHz for possible 4 MHz 
recording. The correlator produces eight complex delays for the 
correlation function in a 23 bit accumulation register. At 4 Mbit/sec 
the maximum accumulation period is 2.1 sec before the register must be 
emptied. The correlation parameters can be changed for each data frame 
or held constant for up to 512 frames. The correlator can be gated for 
pulsar processing so that only the expected pulse window is integrated. 
The phase calibration signal is extracted from each data stream by a 
pair of single channel correlators. 
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Appendix B 


MARK III EXPERIMENT INTEGRATION AND DATA BASE SYSTEM 

The development of new techniques which have the potential of 
generating large amounts of high quality data aggravates two problems 
which have only been nuisances in the past. In the first place, a 
piece of equipment may produce excellent data but is of little use if 
excessive time, effort, or money is required for operation. Secondly, 
even if a large amount of raw data is available, the results derived 
from the data may be misleading or outdated if the data reduction and 
analysis process is too cumbersome or poorly controlled. Of course the 
use for which the final results are intended is an important factor. A 
research group may be willing to expend the effort for a while if the 
results are unavailable by any other means. An organization which 
needs the results on a timely and continuous basis might be forced to 
consider quicker, more reliable, easier to operate, or cheaper 
alternatives. Since it is hoped that wider use will be made of the new 
VLBI techniques, it is necessary to address these problems. 

Minicomputers provide a tool for alleviating both these 
difficulties. By appropriate monitoring and internal testing, the need 
for manual adjustments during data acquisition can be virtually 
eliminated. As described in section A . 1 , ASCII transceivers are used 
to control and read the calibration instruments. If the schedule of an 
experiment is available in machine-readable form, the sequence of 
operations can be automated and human intervention, as well as human 
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error, can be minimized. A complex sequence of events can be 
programmed to replace a long check list of manual operations. Computer 
control removes the need for continuous attention, improves 
reliability, and increases flexibility. 

Before and after the observation phase of an experiment, 
minicomputers can be used to facilitate planning, direct data 
reduction, and control information flow. The steps in the reduction 
and analysis procedure can be monitored so that data is not lost or 
misprocessed. A data base has been developed as part of the Mark III 
system to integrate experiments and to assure data integrity. My 
contributions have been in the development of the data base structure 
(the files and programs which control the flow of information from 
conception of an experiment to the final results) and in the design of 
several programs that use the data base. I will describe the overall 
concept and follow the programs which operate on the data through the 
different stages of an experiment. 

1 . Data base structure 

The data base was originally motivated by problems in passing 
data from one program to another and in keeping track of what programs 
actually had done. Because of the complexity of VLB1 data processing, 
a number of programs were written, each by different people at 
different institutions. Each program’s input and output were in 
unique, fixed formats. To avoid an impossible amount of human labor, 
the output of one program was available in machine-readable form as 
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input to the next, often by way of a small (but not necessarily 
trivial) intermediate program. Data could still be lost by accident, 
e.g., card mutilation, or be confused by reprocessing. The continual 
development of the programs led to three distinct problems. First, if 
the output of a program changed, the input to the next program was 
affected at the level of the program code. Sometimes new data was put 
in empty slots in the old format and the space of obsolete data was 
left blank. At worst, the entire interface format might be changed. 
Second, a multiplicity of output archive formats developed. It was 
necessary to know not only that a tape was written by a given program 
but also what version of the output format was used. Finally, programs 
evolved in ways which left the input/output formats unchanged but 
changed the results for a given input. It became difficult to recover 
what version and hence what algorithm had been used to produce a 
particular result. 

When a new set of programs for parameter estimation became 
necessary, the questions of data integrity, interfacing, and program 
accountability were raised based on past experience. There were to be 
three programs, file first would take delay and delay rate data and 
combine them with meteorological , polar motion/UTi, and planetary 
ephemeris information. The second would calculate the theoretical 
values of delay and delay rate using the assembled data and output 
theoreticals , partial derivatives, and model eontribut ions. The last 
would permit interactive selection and estimation of parameters. The 
form of several items was either unknown or known to be variable: the 


meteorological data, the state of the polar motion and U71 data, the 



number of parameters and partial derivatives. It was decided to adopt 
a flexible, format-free, permanent information transfer scheme, and the 
data base was born (but not named or recognized). The problem of 
program accountability was reduced by requiring each program to write 
into the data base an identifier describing the program, program 
version, programmer, and date of last modification. 

Credit for conceiving of the data base as the information 
structure for integrating VLB1 experiments must be given to 
Dr. T. A. Clark. During a trip to Green Bank we discussed the scheme 
that had been hatched and he described his ideas for extending it 
throughout the Mark III system. To use his simile, the data base is 
like a stream flowing past all the programs and processor-, which deal 
with the numbers of an experiment. At each bend some water is tasted 
and some water is added. The analogy should not be pushed too far 
since one guiding principle is that new data must not pollute 
information that is already there. 

After preliminary discussions with J. W. Ryan, 1 designed the 
structure of the data base files and then designed, coded, and tested 
the data base handling programs (DBH) on the UN1VAC 1108 at the 
University of Maryland . The logic and code of the programs were 
developed in a top-down, structured fashion and were intended to be 
machine- independent. The success of the approach was shown by the ease 
with which I implemented the data base on the GSFC IBM 360/91 and 
HP 21 MX, computers with quite different organization and capability. A 
second version of the data base handler has been written by J. W. Ryan 
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to include features not available in the initial design, Both versions 
have been used in data analysis done at GSFC and Haystack. 

The data base itself consists of a series of programs and files. 
All access to the files is through the DBH programs. 

A single data base file typically contains the data related to 
one experiment. As new information is added the file expands. Actual 
physical files are r.ot changed but new versions containing the 
additional data are created. The file structure is essentially 
transparent to users. Each physical file consists of four parts: 1) a 
file identifier, 2) history entries, 3 ) tables of contents, and A) data 
records. 

The file identifier contains the file name (internal and 
external), the date of creation, a short file description, a version 
number, the name of the file from which the file was created, and a DBH 
identifier indicating the DBH revision used and the machine on which 
the file was made. The internal file name uniquely identifies the 
physical file. The external name associates the physical file with 
other physical files which form one data base file. 

The history entries track the progress of a data base file. A 
data base file cannot be altered unless a history entry is made so that 
all changes in a file have associated history entries. Unfortunately 
it is impossible to prevent users from entering nonsense but at least 


such nonsense will be immediately evident. 



As many as 99 different types of data record can be defined 
within a single data base file. Each existing data record type in a 
file has its own table of contents. Within each data record each data 
element is identified by an access code, text description, dimensions, 
and file version number when the element was initially added or last 
changed. Data elements can be real (floating point), integer, or 
alphameric. 

The data records contain the values of the data elements defined 
in the tables of contents. Typically one data record type has 
information applicable to an entire experiment and only one data record 
of that type exists in the file. A second data record type contains 
information derived from observations so that each observation 
corresponds to a separate data record of this type. The data records 
are stored in sequence and are not cross-linked. 

Beyond the fact that information must be real, integer, or 
alphame. ic, the data base is entirely format-free. It is also 
machine-independent as long as different word lengths do not lose 
significant digits. Each data record and each data element is 
independently accessible through type number and access code, 
respectively. The entry of new values, element', records, or record 
types does not affect the existing information or structure. The 
amount of information that can be put in a single uata record or data 
base file Is limited only by the available space on physical storage 
devices. Since the version number associated with each data element is 
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updated when the value of the eleaent is changed, the flow of data 
through the file can be aonitored. 

Associated with the entire data base is the data base catalog. 
The catalog is a linked- list structure which keeps track of the 
physical files which coapose the data base files. Each physical file 
has a separate entry. Tne entries of all the versions of a data base 
file are linked or chained in sequence to the external file naae. 
Chains also track the files which exist on specific storage devices, 
either disks, aagnetic tapes, or diskettes. 

The used-called prograas fall into two categories: 1) access to 
the data base files and 2) access to the catalog. 

The group of file access prograas is the data base handler 
proper. They enable a user to: 

1. open a data base file to creation, reading, or updating 

2. make history entries 

3- add to or delete from tables of contents 

4. create, destroy, or move to data records 

5. put values into data records 

6. get values from data records 

7. query the table of contents for existing data elements 

A detailed description of these user-called programs is given in 
appendix C. 
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The catalog access prograas enable a user to search the chains in 
the catalog, create and destroy chains, link entries to a chain and 
unlink entries from a chain. As these prograas are not fully 
iapleaented, a detailed description is not possible. 

In addition to the user-called prograas, there are independent 
prograas which use the catalog to aove files froa one storage device to 
another and froa one computer's data base tc another. The catalog can 
also be displayed and corrected. These prograas operate interactively, 
proapting the user for type of action and data base files required. 
While working versions of these prograas exist, they were conceived and 
executed in haste and are to be replaced shortly. 

The information flow through the integrated Hark III VLBI systea 
is shown in figure B.l. For each section I will describe the function 
within the systea, the prograas, and the scientific output. The 
prograas for each stage are presently in considerably different states 
of completion. It is anticipated that all prograas will be operational 
by the end of 1978. 

2. Experiment scheduling 

An experiment must begin with an idea of what is tc be 
accomplished. Since VLBI is an observational technique, the 
experimenter must decide what to look at, when, how and why. The 
purpose of the SKED program ii to assist in making a schedule that will 
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best accomplish the scientific objective. Unfortunately the 
requirements or different types of experiments sometimes conflict. For 
studying source structure , it is desirable to follow a source 
continuously with maxJ’nm sensitivity in order to get a complete, 
accurate fringe visibility function. The need for continuous 
observation is especially important for complex sources whose fringe 
visiblity functions vary rapidly. For geodesy, maximum sky coverage 
for a set of sources using maximum synthesized bandwidth is desirable. 
Spectral line work does not require large bandwidths so that it may be 
possible to trade bandwidth for tape usage. 1 will concentrate on the 
requirements of geodesy. 

One specific requirement of geodesy is a precise baseline 
determination. The word precise is used here to mean minimum formal 
error after the estimation of the baseline components. There are two 
steps in reaching the "best” schedule: making a schedule and 
determining if the schedule is leading in the direction of minimizing 
the baseline errors. The first is a function of the SKED program. The 
second is accomplished through the data base. As soon as a schedule is 
pu r . in the data base, another program can perform an error analysis. 

By a series of schedule simulations, the schedule can be improved. The 
details of schedule optimization are discussed in section IV. D. 

There are a number of programs used for generating VLBI 
schedules. Those that run on the Haystack Observatory CDC 3300 and the 
University of Maryland UNIVAC 1108 are interactive while the GSFC 
IBM 360 version is basically a schedule verifier and printer. The best 
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features of all three have been combined in the specifications of the 
SKED program which is part of the integrated Mark 111 system. SKED 
runs on the GSFC disk-based HP 21MX using a CRT terminal with line 
plotting capability. It begins with a skeleton data base file which 
contains a list of observing stations and radio sources. The file also 
has: 1) station cartesian positions, 2) telescope paraaeters such as 
diaaeter, receiver teaperature, efficiency, axis type and slewing 
rates, and 3) source positions and flux densities. The scheduler sets 
the tiae of the experiment and selects the stations and sources to be 
used. SKED then provides inforaation to allow the scheduler to select 
a sequence of sources to aake a schedule: l)a list of sources 
currently visible, their hour angle, elevation and azimuth at each 
station and the tiae to slew to position; 2) the last few observations 
scheduled; 3) a coaplete mutual visibilty plot for the day with a aark 
for the current tiae, A) a polar plot of the sky at each or a specified 
station; 5) the status of cable wrap at the az-el antennas, and 6) a 
s unwary of the schedule so far. After the scheduler selects a source, 
SKED schedules the observation taking into account slewing, pointing, 
and radiooetry tiae requirements and updates the visual display. The 
default values for observation length, dead time between runs, 
frequencies, and bandwidth can be changed at any time an can the 
stations and sources. The scheduler may also back up in the schedule 
and change a block of tiae or repeat a previous sequence on a different 
day. Special requirements for particular observations, e.g., pulsar 
gating, can be indicated. As shown in figure B.1, SKED produces two 
types of output, a data base file containing the schedule in time 
order, one record for each baseline-source observation, and an 
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operating schedule for each site field controller. The data base file 
is used for error analysis and later processing. It contains two types 
of records: 1) a header with information applicable to the entire 
experiment, and 2) observation records with data pertinent to 
individual observations. The operating schedule controls a station's 
operation and is described in the next section. 

The program SKED is being written by N. R. Vandenberg. 

3. Observations 

The second stage of a VLBI experiment is taking data. The 
logistics of shipping schedules and data tapes to distant stations 
remains a problem. However, the Mark III field system is designed to 
automate data acquisition as much as possible. Once the equipment is 
running (and as long as it continues running), the only manual 
intervention is loading and unloading tapes. The field hardware is 
described in section A.l. The following paragraphs will concentrate on 
the software requirements. Since the programs that control the field 
operations are not yet completely defined, the functions required will 
be described rather than the exact implementation. The entire field 
system including instrumentation and control programs is expected to be 
ready in late 1978. 

The three main functions of the field program are: 1) to direct 
the sequence of events set by the schedule, 2) to monitor the system 
behavior, and 3) to log information pertaining to the state and 
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environment of the experiment 


The experiment schedule Is a file which controls the operation of 
* specific station for a specific length of tine. At the beginning of 
a schedule file is information that remains constant for the interval 
covered by the file: l) descriptive text, 2 ) the station nane, 3) the 
date, 4) the beginning and end tines for the file, S) the type and 
epoch of the source positions, and 6) the intervals for scheduling 
various operations. After the header cone data for observations and 
special operations, each with a time associated. The start tine, 
source name, source position, duration, synthesizer settings, sideband, 
bandwidth, tracks to be recorded, and direction of tape travel are 
given for the observations in the donain of the schedule file. The 
sequence of events which constitute an observation are defined. These 
include noving the telescope to the correct position, peaking on the 
source, doing radionetry, starting and stopping the data tape. Special 
operations arc those not related to a particular observation. These 
include rewinding the data tapes and operator messages requesting 
manual operations. If the schedule must be changed after the schedule 
files have arrived at the station, the operator can make the change 
manual ty . 

The field program reads the schedule file and directs the 
hardware to perform the operat tons at the t tnu and in the sequence 
called for. While operat tons are in progress, the program monitors the 
equipment to detect problems. If any equipment difficulties are 
discovered, the operator is alerted. 



The log records the actual conduct of ar. experiment. Four types 
of information are logged: 1) schedule verification, 2 ) data quality, 

4) system and environmental conditions, and 5) operator notes. The 
header of the log contains general information about the experiment 
including the station name and date. The information that specifies an 
observation is copied into the log so that all schedule changes are 
recorded. The number of the data tape containing the observation is 
also kept. For each observation the bandpass shape, phase calibrator 
signal strength and phase and number of parity errors are logged. 

Since only two tracks can be read back at one time, complete checking 
is not possible. Internal timing checks are also recorded. These 
numbers give some indication about the performance of the receiving and 
recording system. Also associated with an observation are the source 
temperature, the system temperature, the phase calibrator cable length, 
pointing corrections, and output from the water vapor radiometer. Some 
information is monitored and recorded at fixed intervals: the 
meteorological sensors, the station clocks, the phase calibrator cable 
length, and internal Mark 111 switch settings. At any time the 
operator can enter comments into the log. 

After an experiment is finished, the data tapes are sent to the 
Mark III processor at the Haystack Observatory. The logs are merged 
and entered into the experiment data base file by the program DELOG. 
DELOG has not been written. 

4. Evaluation of VLB1 observables 
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Reduction of the mass of raw data bits to a smaller set of useful 


numbers, the VLBI observables, is accomplished through a set of 
programs operating with the data base and the Mar* 111 processor. 
Referring again to figure B.1, tnese programs are PREP, COREL, FRNGE, 
and EDIT, which ar~ (to be) implemented on the Haystack HP 21HX. 
Preliminary versic COREL and FRNGE have been written and tested by 

A. E. E. Rodgers and A. R. Whitney. PREP and EDIT are in the design 
stage. 


The data base is augmented by output of DELOG describing the 
experiment as it was actually run. PREP gets information from the data 
base on the observations that were made. Using clock data, a simple 
atmosphere model, start times, frequencies, tracks, station and source 
positions, it prepares an external file, i.e., not in the data base, 
which contains a priori delays, fringe rates, and fringe phases needed 
by COREL. The frequency of the phase calibration signal in each 
channel is also retrieved and placed in *he PREP file. 

The function of COREL was described in section A .2 with the 
operation of the Mark Hi proeessc'. 

FRNGE reads the COREL file and integrates the individual 
accumulation period values for an entire observation. For each track 
it computes the residual delay and fringe rate. Individual 
accumulation period fringe amplitudes and phases for each track are 
calculated and put into an intermediate file or into the data base. 
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EDIT is an interactive program for editing reduced data from 
FRNGE and producing VLBI observables. The fringe amplitudes and phases 
for each channel of an observation are displayed graphically. The 
phase calibration amplitude and phase, residual delay and fringe rate, 
averaged fringe amplitudes for selected integration periods, and error 
counts are also displayed for each channel. The user selects the start 
time, stop time, and coherent integration length fo- each channel based 
on a Judgment cf the data’s quality. EDIT then integrates the selected 
'•hannels to get average fringe amplitudes and phases corrected for 
residual fringe rate. The fringe phase over the channels is used to 
calculate the residual group delay and the residual delay rate is 
corrected for phase calibration rate. The residual deiiy and rate are 
added to the a priori values in the data base to produce total delay 
and delay rate. Ti.e epoch associated with the delay and delay rate may 
not coincide with the original schedule but depends on how the bits 
from the observation are processed. A single continuous observation 
can, for example, be divided into several parts. The editing 
parameters and the output from EDIT are put into the data base. After 
the geometric and source structure obser/ables for an entire experiment 
have been put in the data base, the data ->ase file is archived. 

Another step is necessary to reduce the subsidiary data from the 
logs. The cable length and meteorological data are used to calculate 
the respective effects on the VLBI observables at the epochs associated 
with t.he observables. The corrections are entered in the data base for 
each observation. 
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5. Estimation of parameters 


Even though the machinery for taking and reducing raw data is 
complex and expensive, the immediate output is not of scientific 
interest. The system described so far is designed to reduce the burden 
of running an experiment and to produce data of higher quality. Part 
of the improvement is in the new hardware, which is more sensitive and 
more complete. Another part comes from increased flexibility in 
planning an experiment and executing a schedule. The programs which 
extract scientifically interesting numbers combine flexibility and 
completeness to facilitate the final data analysis. Instead of sitting 
around waiting for computer runs to percolate through a long job queue, 
a researcher can sit in front of a television screen and work with the 
data interactively. 

There are three principal programs for data analysis as shown in 
figure B.1, STRUC, CALC, and SOLVE. All of them operate from 
information in the data base and put their results into the data base. 
The graphical and interactive parts of STRUC and the whole of SOLVE are 
implemented on the disk-based HP 21MX. For reasons of speed and size 
the "number crunching" parts of STRUC and all of CALC run on the 
IBM 360/91. CALC and SOLVE are operational while STRUC has yet to be 
written. 

STRUC analyzes the data for source structure. It uses the source 
temperatures, system temperatures, fringe amplitudes, and projected 
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baselines to calculate and plot the fringe visibility function for each 
source observed. If there are three or more baselines which form 
closed triangles, the fringe phases are combined to make closure phase 
observables for each simultaneous set of observations. From the fringe 
visibility function and closure phase a milliarcsecond source map is 
made and displayed. Corrections to the delay and delay rate are 
computed from the projected baselines and observed source structure. 

The source maps are put into the data base 3s brightness grids while 
the corrections are entered as contributions to the observables from 
source structure. 

CALC generates theoretical delays and delay rates, partial 
derivatives, and model contributions. Its organization is based on the 
EST1M error analysis program, which is described in appendix D. Using 
my detailed design, CALC was coded by D. Markham with assistance from 
D. S. Robertson and J. M. Ryan. 

CALC is divided into thirteen sections, one for each physical or 
geometrical model now used. These are: 

1 . troposphere 

2. antenna axis offset 

3. corona 

H. diurnal polar motion 

5. solid earth tides 

6. nutation 

7. ocean loading displacement 
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8. precession 

9. gravitational deflection of light 

10. station position 

11. source position 

12. UT1 

13. polar motion 

The algorithms used in the model, re given in chapter II. Each 
section includes several parts: 1) additions to the data base tables of 
contents, 2) initialization, 3) observation geometry, 4) parameter 
partial derivatives, and 5) model contributions. Each part gets the 
data it needs from the data base using the data base handler. The 
various parts of a section are separate programs which communicate 
through a labeled common area unique to the section. A schematic 
diagram of a section is shown in figure 6.2. 

The part of a section which modifies tables of contents adds 
entries for information which is put in the data base by other parts of 
the section. A message identifying the section is added to the header. 
Partial derivatives and contributions are added to each observation 
record. This part is called once. 

The initialization part puts the section text Tesrage nto the 
data base header. The message includes the model version and status 
during the present run. The part gets from the header necessary 
information such as a priori parameter va.ues and initializes variables 
for 1 se within the section. This part is also called once. 
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The observation geometry part calculates the effect of the model 
on the instantaneous source-baseline configuration at the nominal epoch 
of an observation. The site and source sections return cartesian 
coordinates in terrestrial and fundamental YLB1 coordinate systems, 
respectively. The nutation, precession, diurnal polar motion, and 
polar motion sections return coordinate rotation matrices. The UT1 
section returns the offset between UT1 and atomic time. The earth tide 
and ocean loading sections return corrections to the station positions. 
The corona and relativity sections return corrections to the source 
position. The troposphere and axis offset sections do not return 
corrections since these models do not affect the source-baseline 
orientation. Each geometry part is called once for every observation. 

The partial derivative part calculates the partial derivatives of 
the theoretical delay and delay rate with respect to the model 
parameters and puts them in the data base observation record. This 
part is called once for each observation. 

The contribution part calculates the contribution cf a model to 
the theoretical delay and delay rate and puts it in the data base 
oDservation record. The contributions from models which do not enter 
into the observation geometry are later added to the theoretical delay 
and rate. These are troposphere and axis offset. The contributions 
from models which affect the geometr" are calculated by linear 
approximation from the partial derivatives. These are diurnal polar 
motion, earth tides, ocean loading, gravitatioral ght deflection, and 
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polar notion. The purpose of calculating individual model 
contributions is to allow aodels to be selectively subtracted at the 
SOLVE phase of parameter estimation. The contribution part is also 
called once for each observation. 

The overall structure of CALC is shown in figure B-3- There are 
a series of executive routines which call the section parts in the 
correct order. TOCUP calls the table of contents modification parts. 
IN1TAL calls the initialization parts. DRIVRG, DR1VRP, and DR1VRC call 
the geometry, partial derivative, and contribution parts, respectively. 

Four routines provide the connections to get observation data 
from the data base and put the theoretical values into the observation 
records. START reads input to CALC and opens the data oase. OBSENT 
positions the data base file tor each observation so that the section 
parts can access the observation record. THEORY ui?s the geometry and 
model contributions to calculate the total theoretical delay and delay 
rate and put? the values in each ooservation record MA1H calls all 
the executive subroutines in the proper sequence. 

PEP calculates from the ephemeris tape geocentric position and 
velocity of the sun and moon and solar system barycentric position, 
velocity, and acceleration of the earth if this data is not present in 
the data base. It also interpolates nutation in longitude and 
obliquity for each epoch of observation. UTCTME, ATIME, and CTIME 
calculate UTC time, atomic time, and coordinate time, respectively, of 
each observation a3 the fraction of day. 
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It should be noted that CALC is critically dependent only on 
SEED. CALC can be run as soon as a schedule is Bade and put in a data 
base file. The partial derivatives produced can be used by SOLVE to do 
preliminary covariance analyses of the schedule. After an experiment 
has been processed by EDIT, preliminary and final data for UT1, polar 
motion, and source structure can be entered as they become available in 
order to refine the theoretical values computed by CALC. 

The final stage in the data analysis is SOLVE. This program was 
developed by D. S. Robertson based on his experience with an older 
CDC 3300 version. Sitting at the console of the HP 21NX the user can 
call for an experiment data base file, combine it with others, select 
the parameters to be estimated, select epochs for parameters that vary 
(such as clock polynomials), select either the delay observable, the 
delay rate observable, or both, and run a solution. The post-fit 
residuals are plotted on a TEKTRONIX A0 12 CRT and the parameter 
corrections and formal errors are printed. The user can then alter the 
plotting limits, examine particular points, change observation weights, 
delete faulty data points, move delay points by an integral number of 
delay ambiguities, and produce a hard copy of the plot. After the data 
are edited the solution can be run again with the same or different 
parameters selected. The data base may be updated to save the editing 
information or to rescale the observation measurement errors. A file 
is kept of all the adjusted parameters with enough information to 
recreate any particular solution. The saved parameter values from 
solutions based on data spanning a length of time can then be analyzed 
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for dispersion and drift. 


The scientific results possible from the analysis described above 
cover a large area in present VLBI research. The output of STRUC is 
source naps which can be used to study the evolution of radio source 
structure. The source positions estimated in SOLVE are important in 
astrometry while the baseline results can be used in geodesy, A test 
of general relativity theories is possible with refinement of the 
gravitational light bending parameter. Love numbers from earth tide 
and diurnal polar motion solutions give geophysical information. 
Determination of UT1 and polar motion is applicable to time and 
navigation while estimating the precession constant is of interest to 
general astronomy. 

6. Archiving data 

In the 3aae way that the data base serves as the information 
stream between programs, it is also functions a3 the primary archiving 
medium. Fundamentally there is no reason why all versions of all data 
base files could not be kept on mass storage simultaneously. However, 
for reasons of security and practical disk usage, the data base is 
archived on tape periodically and earlier file versions are purged from 
the active area. The format of an archive tape is ASCII characters in 
blocked card images. Files which may be read back frequently, e.g., 
various 3iages of SOLVE processing, are also kept on binary tapes to 
save reformatting time. Since each data base file contains both 
history entries and tables of contents for the data, it should always 
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be possible to reconstruct the data reduction and analysis procedure 
used. There is one place where information is archived outside the 
data base. The COREL file that contains the single accumulation period 
complex correlation values is too large to fit practically in a data 
base file. Since the file is passed from COREL to FRNGE on tape, the 
tape itself is later archived. 
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Appendix C. 


USER GUIDE TO DATA BASE HANDLER VERSION 2C AS OF NOV. 1977 

The following documentation applies specifically to the currently 
operational version of the data base handler on the GSFC HP 21MX. 
However, the IBM 360 and Haystack HP 21MX versions do not differ in any 
essential details. Familiarity with the basic file structure and 
vocabulary given in appendix B will be assumed. 

The following terms will have specific technical meanings: 

element - a unit of information. The term element subsumes two related 
concepts: 1) the name and meaning of a piece of information, 
e.g., epoch of observation, and 2) the number(s) or literal 
character(s) which are the specific representation Of the 
information, e.g., 77/11/22/08/15- An element can contain only a 
single number or may be stored as an array. 

access code - the 8-character string used to identify an element. The 
access code is required for all operations with a specific 
elenent and corresponds to the name of the element. 

value - the number(s) or literal character(s) which are the specific 
representation of an element within a particular data record. 

The values of an element may (and usually do) differ from data 
record to data record. The access code of an element is fixed 
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within the entire data base file. 


table cf contents (TOC) - the arrays in core and in the data base file 
which are used to locate eleaent values within data records. 

Each type of data record has an independent table of contents. 
Each eleaent has an entry in the proper table of contents. 

data record - a set of values organized according to the table of 

contents for the applicable data record type. Data records of 
the saae type contain the saae eleaents but the eleaent values 
are generally different. Each data record is independently 
accessible. 

data record type - a number from 1 to 99. inclusive, which identifies a 
particular table of contents and hence a subset of all the data 
records in a data base file. 

private file - a data base file which is identified by a 6-character 
FMGR file name. At present all data base files are private 
files. 

catalogued file - a data base file which is identified by a 

10-character experiment name and whose versions are tracked by 
the data base catalogue. There are currently no catalogued files 
in this sense since the proper catalogue does not exist. 

version - a physical copy of a data base file differing from other 
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copies of the same data base file in having different values 
and/or elements. While one experiment now gives rise to a string 
of private files, the term version does not properly apply. 
Versions in this sense will not exist until the proper catalogue 
is developed. 

data base catalogue - a file which tracks the versions of the data base 
files. This catalogue does not yet exist. 

provisional catalogue - a file which tracks the existing private files. 
The current CATLG/CATLF programs keep track of all existing data 
base files. CATLF is used to update the provisional catalogue as 
new files are created. Operations with CATLF are not automatic 
but require the data base handler user to reply to prompts which 
ask for the file just created, the position at which to place the 
file in the provisional catalogue, and a file description. 

real element - an element whose values are floating point numbers. The 
precision of real elements is limited to 11 significant figures 
because of HP 21MX machine requirements. On both the HP 21MX and 
the IBM 360 real elements are double precision numbers. 

integer element - an element whose values are integers. The values of 
integer elements are limited to -32768 <= N <= 32767 because of 
the HP 21MX. On the IBM 360 integer elements are I* 1 * numbers. 

alphameric element - an element whose values are characters drawn from 
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the full ASCII set. The dimensions of alphabetic elements are as 
they appear in the user program. On the HP 21MX alphameric 
elements are stored in single 16-bit words, two characters per 
word. On the IBM 360 alphameric elements are stored in 1*2 
words, two characters per word. 

history entry - a descriptive text of up to 160 characters appended to 
the data base file each time a new file or version is created 
with new information. 

The data base handler has three modes of operation: 1) read, 

2) update, and 3) create. In the first mode information, i.e., the 
existence of elements and the values of elements, can be retrieved from 
a data base file. Information cannot be changed. In update mode the 
elements and values in a file can be changed. A new file or version is 
made incorporating the changes. In create mode a data base file is 
created from scratch. Each mode has a different sequence of 
operations . 

Read mode is the simplest since the tables of contents are not 
changed. The sequence is as follows with (XXX) indicating an optional 
operation. 

1. IRWIN 

2. (GHIST) 

3- (ASK) 

H. (MVREC) ' loop 
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5. (GET) ! loop 

6. FINIS 


IRWIN establishes the connections to the desired data base file. GHIST 
retrieves history entries. ASK interrogatas the tables of contents 
about specific access codes. A loop over MVREC and GET accesses 
successive data records and gets values from the records. FINIS 
terminates data base operations cleanly. Except for the indicated 
loop, the operations must be done in the continuous sequence shown 
without branching backwards. GHIST and ASK may be called as many times 
as necessary at the proper time. 


Update mode is used when an existing data base file is to be 
changed. The change can be any or all of the following: 1) changing 
the values of existing elements, 2) introducing new elements and the 
corresponding values, 3) creating new data records of already existing 
types and putting in new values, 4) deleting existing elements and the 
corresponding values, 5) deleting existing data records, b) adding a 
new type of data record and creating the corresponding data records. 
Values can be changed in any or all of the existing or created data 
records. The sequence of operations is: 


1. IRWIN 

2. (GHIST) 

3. PH1ST 

4. (ASK), ADD, DEL 

5. OPREC, MVREC ! loop 
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6. (GET), (PUT) i loop 

7. WRIDR, DELDR | loop 

8. FINIS 

IRWIN opens the input file and creates the output file. PHIST enters 
one or more new history entries. The history entries should include 
the user name and the changes/additions to be done. ADD changes the 
tables of contents. A separate call to ADD must be made for each 
element whose values are to be changed or introduced. A new TOC entry 
is made if the element (as indicated by the access code) does not 
already exist in the specified table of contents. If there is already 
an entry corresponding to the access code, the entry is updated to 
indicate that the element description, dimensions, or values will be 
changed. DEL deletes the entry of an element and removes the element 
and its values from the file. All calls to ADD and DEL must be done 
before proceeding in the sequence. OPREC and MVREC operate with the 
data records. OPREC creates a new data record of a specified type 
while MVREC activates existing records. Once OPREC or MVREC is 
executed, GET and PUT can get values from the data record and put 
values into the record, respectively. Eacn data record in which a 
change is to be made must be accessed by OPREC or MVREC. After 
operations on the active data record are finished, WRIDR is used to 
write that record. If the record is not wanted, DELDR deletes the 
entire data record. The loop over OPREC, MVREC; GET, PUT; and WRIDR, 
DELDR is used to move through the data base file, changing and creating 
data records as desired. FINIS terminates the data base operations. 
FINIS then schedules CATLF which prompts the user for a file name, 
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position in catalogue, and a file dsecription to be entered into the 
provisional catalogue. 

Create mode is not often used except to begin the data base file 
or string of private files related to a particular experiment. The 
operations are a subset of those used in update mode. 

1. IRWIN 


PHIST 


ADD 


OPREC ! 

loop 

PUT : 

loop 

WRIDR ! 

loop 

FINIS 



IRWIN creates the file. PHIST appends the initial history entry. The 
calls to ADD create the tables of contents and insert the entries for 
all the elements whose values are to appear in the data base at the 
beginning. It is not necessary to call ADD for elements which will not 
be entered until some later version. The loop over OPREC, PUT, and 
WRIDR creates data records, fills the data records with the desired 
values, and writes the data records to the file. FINIS terminates data 
base operations and enters the output file in the provisional 
catalogue. As in the other modes, the sequence of operations must be 
followed, i.e., all calls to PHIST before any call to ADD and all calls 
to ADD before any call to OPREC, 
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Restrictions and notes: 


At present the size of an element is limited to 500 HP 21MX 
words, i.e., 1000 characters, 500 integers, or 166 -eal numbers. 

Certain elements are entered as two values in order tc increase 
precision. These include the mathematical constants and the delay. 

The first data record in all data base files is a type 1 record, 
wh'ch is called the header. There is only one type 1 record. The 
header contains information pertaining tc the entire file. 

The data pertaining to particular observations are contained in 
type 2 data records. 

Each program which updates data base files is expected to put 
into the header a message indicating program version, programmer, last 
modification date, and internal options taken. 

Only one ^ata base file can be opened at a time in the present 
inDlementation. This restriction applies within a single program and 
to two separate programs executing simultaneously. 

The data base files ure to be in 3trict time ord ■. Data records 
which have no epoch associated will be at the beginning or the end of 
the file. There is no set order for data records of different types 
with the same time tag. 
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In update Bode, if the dimensions of an eleaent are changed, it 
is necessary to GET the old values and PUT then for all data records in 
which the values are not actually changed. Any data record which is 
Bade active in update mode, even if no change is Bade, Bust be written 
to the output file using WRIDR before operations on another data record 
can begin. 

Whiie an access code is 8 characters or A words, each tine it is 
passed to a routine an array cf 7 words aust be passed. The 3 
additional words are used by the data base handler for rapid searching 
in the data record and should never be altered by the user. 

A prograa which uses the data base handler on the HP 2 1MX should 
not be terainated by OF. Typing BR, DBASE in system node will cleanly 
terminate both the data base handler and the user prograa i 

Alphabetized listing of the data base handler routines and arguaents 


1 . 

ADDA, 

ADDI, ADDR 

2. 

ASK 


3- 

DELA, 

DELI, DEl.R 

A. 

PELDR 


5. 

FINIS 


6. 

GETA, 

GETI, GETR 

7. 

GHIST 


8. 

IRWIN 
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9. MVREC 


10. OPREC 

11. PHIST 

12. PUTA, PUTI, PUTR 

13. WRIDR 

1. ADDA 
ADDI 
ADDR 


AD0(A/I/R) enters or changes the entry of an 

(alphameric/integer/real) el«ent in the table of contents of a 
specified type of data record. ADD(A/I/R) Bust be called for each 
eleaent whose values are to be entered or changed and is 
applicable only in update and create modes. All calls to ADD must 
be completed before moving to or creating a data record. 

calling sequence - CALL ADDA ( NTOC , LCODE , LTEXT , ND 1 , ND2 , ND 3 ) 

CALL ADD I ( NTOC , LCODE , LTEXT , ND 1 , ND2 . ND 3 ) 

CALL ADDR ( NTOC , LCODE , LTEXT , ND 1 , ND2 , ND3 ) 

input variables: 

1. NTOC the data record type to which this element is 

to be added where 0 < NTOC < 100. 

2. LC0DE(7) the 8-character access code in the first four 
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words followed by three words which should 


never be altered by the user. The sane seven 
word unit must be passed each tiae the eleaent 
is accessed. The three additional words are 
used by the data base handler to store rapid 
search paraaeters. 

3. LTEXT(16) the 32-character text description of the 

eleaent. 

4. ND1 the first dimension of the eleaent being 

defined (0 or 1 if singled-valued eleaent) 

5- MD2 the second dimension <0 or 1 if element is 

single-valued or a one-diaensional array) 

b. ND\ the third dimension (0 or 1 if element is 

single-valued or a one /two-dimens tonal array) 


2. ASK 

ASK determines if a specific access code already exists in the 
table of contents of a particular data record type. ASK returns 
flag indicating if the code exists and, if so, informat ion about 
the element associated with the code. 


calling sequence - CAM. ASK ( LCODE , NTOC , NP 1 , ND2 , ND t , N VER , LTfcXT 



KTYPE.KEB8) 


input variables: 

1. LC0DE(4) 

2. KTOC 

output variables: 

1. ND1 ,ND2,ND3 

2. NVER 

3. LTEXT06) 

4. KTYPE 

5. <;err 


the 6- character access code to be interrogated. 

the data record type to be checked where 
0 < KTOC < 100. 


the diaension of the eleaent associated with 
LCODE. 

the version nuaber when the eleaent entry in 
the tab 1<: of contents was last updated. 

the 32-character text description associated 
with LCODE. 

eleaent type (1 - real, 2 - integer, 

3 - alphaaeric) 

return flag (0 - eleaent found, 1 - the 
requested data record type ( NTOC ) was found but 
the LCODE was not in it, 2 - the requested data 
record type was not found) 
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3. DEL* 


DELI 

DELR 


DEL( A/I/R) deletes an (alphaaeric/integer/real) element froa the 
table of contents of a specified type of data record. The eleaent 
and its values are reaoved froa the file. DEUA/I/R) is 
applicable in update aode. All calls to DEL aust be aade before 
aoving to any data record. 

calling sequence - CALL DELA(NTOC,LCODE) 

- CALL DELI (NTOC ,LCODE) 

- CALL DELR ( NTOC , LCODE ) 


input variables: 

1. NTOC the data record type from which the element is 

to be deleted where 0 < NTOC c 100. 

2. LC0DE(7) the 8-character access code in the first four 

words followed by three words which should 
never be altered by the user. The same seven 
word unit aust be passed each time the element 
is accessed. The three additional words are 
used by the data base handler to store rapid 
search parameters. 
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4. DELDR 


DELDR deletes the active data record. It is applicable in update 
■ode. 


calling sequence - CALL DELDR 
5- FIMIS 

Fills terminates data base operations. It Bust be called in all 
■odes for proper termination. 

calling sequence - CALL FINIS(RFIN) 

input variable: 


1. KFIM 0 - normal stop. In the read mode, the input 

file is closed. In the create code, the output 
file is closed and entered in the catalogue. 

In update aode, the reaainder of the input file 
is copied to the output file. The input and 
output files are closed and the output file is 
entered into the catalogue. 

1 - normal crash termination. The output file 
(if any) is purged, and the input is closed. 
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The catalogue Is not changed. 


2 - legal In update node only. The output file 
is closed. The remainder of the input file is 
not copied. The catalogue is updated. 


6. GET A 
GET I 
GETR 


GET(A/I/R) retrieves (alphameric/integer/real) values from the 
active data record. 

restrictions: The diaensions passed in the call to GET do not have to be 
the sane as the diaensions specified in the table of 
contents. However, when a dimension in the call is less than 
the dimension in the table of contents, some values will not 
be transferred to the user's array. Where the dimension in 
the call is larger than the dimension in the table of 
contents, the data base handler will pass as much as 
possible. In any case the data base handler assumes that the 
user's array is organized according to the dimensions in the 
call statement and never exceeds that array. 

calling sequence - CALL GETA( LCODE ,LLEM , NO 1 , ND2 , ND3 . NDO , KERR ) 

C ALL GET I ( LCODE , I LEM , ND 1 , ND2 , ND 3 , NDO , KERR ) 

CALL GETR( LCODE , RLEM.ND 1 , ND2 , ND3 , NDO , KERR ) 
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input variables: 


1. LC0DE(7) the 8-character access code i;. the first four 

words followed by three words which should 
never be altered by the user. The saae seven 
word unit oust be passed each time the element 
is accessed. The three additional words are 
used by the data base handler to store rapid 
search paraaeters. 

2. (L/I/R)LEM(*) the variable or array into which the 

( alphameric/ integer/ real) value(s) are to be 
transferred. 

3. HD1 the first diaension of the user array (0 or 1 

if single value) 

4. ND2 the second diaension of the user array (0 or 1 

if single value or one-dimensional array) 

5. HD3 the third diaension of the user array (0 or 1 

if single value or one/two dimensional array) 

output variables: 

1. ND0( 3) the element dimensions from the table of 
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contents 


2. KERR error condition flag (0 - normal return, 

2 - data successfully retrieved but passed 
dimensions did not equal the dimensions in the 
table of contents, 1 - data not found) 


7. GH1ST 

GHIST gets information from the history entries in the data base 
file. 

calling sequence - CALL GH1ST(KC,IMAX,LHIST, JMAX, IHDT,NVER,KERR) 
input variables: 

1. KC input control variable (0 - get the next 

history entry, 1 - get the last history entry) 

2. IMAX the maximum number of (16 bit) words of history 

text to be passed back to the user. 

output variables: 

1. LH1ST( # ) the array in the user program where the output 

history text is to be placed. 
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2. JMAX the number of words of history text actually 

placed in LHIST. 

3. IHDT(5) the year/day-of-year /hour /minute/ second that 

the returned history entry was put into the 
data base. 


4. NVER 


the number of the version when this history 
text was added. 


5. KERR output information flag (0 - no error, 1 - this 

is the last history item, -1 - the last call to 
ghist returned the final history item; nothing 
returned this time) 


8. IRWIN 

IRWIN opens the ‘uta tase handler and the data base files. IRWIN 
performs the following functions: 

1. For catalogued data base files it resolves the file name and 
version number into a FMGR file name or a file number of a 
tape. If the data base file is on the 21MX disk it opens the 
file. If the file is on tape it requests that the operator 
dump the file to the disk and suspends itself until that 
action is completed. Once the file is on the disk IRWIN opens 
it. 
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2. For private (uncatalogued) data base file, it opens the file. 
In the create or update node it obtains the name for the 
output file and opens that file. 

4. IRWIN reads froa the input file the identification records. 
These records contain the FMGR file name, the 80-character 
descriptor of the file, and the date/time of the creation of 
the file. 

5. The identification records are written into the output file, 
if any. 

6. Various data base handler control variables and arrays are 
initialized. 

calling sequence - CALL IRWIN(KRUC,IIN,IOUT,LFCI,LFVI,LFTO, 

LFCO , KTYPE , ISTP , IDATE , LFIO , KERR ) 


input variables: 

1. KRUC mode control flag (1 - read, 2 - update, 

3 - create) 

2. IIN input logical unit. On the HP 21MX 0, 21, 51, 

52, and 53 ** acceptable. If 0 is used, the 
entire disk is searched. 

3. I0UT output logical unit. On the HP 21MX 0, 21, 51, 

52, and 53 are acceptable. If 0 is used, the 
output file is created on LU 51. 
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4. LFCI(5) 


5. LFVI 


6. LFTO( 40 ) 


7. LFCO( 3) 


8. KTYPE 


the input file code name. This is a 
ten-character code. For a catalogued file it 
must be constructed in a form that is yet to be 
specified. In the case of a private file the 
first six characters of LFCI must contain the 
precise FMGR file name. 

for a catalogued file, the version number 
desired; zero for the latest version. 

This is a 80-character output file descriptor. 
In the update mode if LFT0(1) is zero, then the 
text descriptor from the input file is 
transferred to the output file. The user may 
therefore code a zero directly in tne calling 
sequence for IRWIN at the position for LFTO. 

In the case of a private output file this must 
contain the FMGR name of the output file. 

set to 'PP' for private input and output files, 
set to 'PC' private input but catalogued output 
file, and set to 'CP' for catalogued input but 
private output. Set KTYPE to any other value 
for both catalogued input and output. 
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9. ISTP 


the logical unit on which error messages are to 
be written. 


output variables: 

1. IDATE(5) the date the input file vas created in the form 

Y.M.D.H.M. 

2. LFIO(40) the 80-character descriptor from the input 

file. 

3. KERR error flag (0 - no error, 1 - input file not 

found in the catalogue, 3 - no room on the disk 
to open the output file, 4 - KRUC invalid) 

9. MVREC 

MVREC is used to access data records existing in the data base 
file. Once a data record is made active, the user can get values 
from it and put values into it. Using MVREC the user can access 
the data records sequentially. MVREC is applicable in read and 
update modes. 

calling sequence - CALL MVREC(NTOC ,KM0DE ,KNUM,KERR) 
input variables: 
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1. NTOC 


2. KMODE 


3- KNUM 


Note 1 . 


Note 2 . 


data record type to be made active 
(0 < NTOC < 100 - access data record of type 
NTOC, 0 - access the next data record in the 
input file regardless of type) 

relative/absolute flag ( 1 - move relative to 
the current position in the input file, 

2 - move to an absolute record number of type 
NTOC) 

move count (In the relative mode, move ahead 
(or backward) KNUM records of type NTOC. In 
the absolute mode, move to the KNUM'th record 
of type NTOC counting records of type NTOC from 
the beginning of the file.) 

If NTOC is 0, then KMODE and KNUM are i { :no**ed. 
H >we 1- 3r , this mode is not yet implemented. 

The absolute mode (KMODE = 2) is not currently 
implemented and attempting to use it will 
generate an error stop. Also relative moves 
may only move forward through the data base. 

An attempt at a backward move will generate an 
error stop. Both these capabilities will be 
implemented in the data base in the future- 
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output variable: 


1. KERR execution status flag (0 - normal return, 

1 - end of file encountered, 2 - requested data 
record type does not exist, 3 - attempted to 
move backwards beyond first data record) 


10. CPREC 

OPREC creates and makes active an empty data record of a specified 
type. Once OPREC is executed, PL'T's may be performed to put 
values into the data record. OPREC must be used to create data 
records in create mode and can be used in update mode to create 
new data records. 

calling sequence - CALL OPREC(HTOC) 
input variable: 

1. NTOC the type of empty data record to be created 

where 0 < NTOC < 100. 


11. PHIST 

PHIST makes history entries in a data base file. PHIST must be 
c.'led in update and create mod°s and can be called as many times 
as needed. 
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calling sequence - CALL PHIST(NHIST.LHIST) 
input variables: 

1. KHIST the number of ( i6 bit) words in the history 

entry being passed from LH1ST where 
0 < NH1ST <= 80. 

2. LHIST(*) the history entry to be appended to the output 

file. 


12. PUTA 
PUTI 
PUTR 


PUT(A/I/R) inserts (alphaaeric/integer/real) values into the 
active data record. All eleaents for which a PUT is executed must 
have had corresponding calls to ADD. PUT(A/I/R) is applicable 
only in update or create mode. 

restrictions: The dimensions passed through to PUT(A/I/R) must be less than 
or equal to the dimensions defined for the element 
corresponding to LCODE. Also, ND1 ana ND2 must be actual 
dimensions defined in the user program dimension statement. 
Finally, the dimensions defined for the element in the table 
of contents will be used to put the values into the data 
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record. For example, if the dimensions of an element in the 
table of contents are (4,5,6), but the user passes dimensions 
of (2,2,2) in the call to PUT(A/I/R), the values will be 
stored in the upper left-hand portion of the array in the 
data record. 

calling sequence - CALL PUTA(LC0DE,LLEM,ND1 .MD2.MD3) 

CALL PUTHLCODE, ILEM.NDl ,MD2,ND3) 

CALL PUTR(LC0DE,RLEM,ND1,HD2,ND3) 

input variables: 

1. LC0DE(7) the 8-character access code in the first four 

words followed by three words which should 
never be altered by the user. The same seven 
word unit must be passed each time the element 
is accessed. The three additional words are 
used by the data base handler to store rapid 
search parameters. 

2. (L/I R)LEhi*) the (alphameric, integer real' variable or array 

from which the valueis' are to be transferred. 

3. NP1 the first dimension of the user area (0 or 1 if 

single value) 

4. NIV the second dimension u' or 1 if single value or 
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one-diaens ional array) 


5. HD 3 the third dimension (0 or 1 if single value or 

one /two diaens ional array) 


13. WRIDR 

WRIDR writes the active data record to the output Tile. It is the 
last action applicable to the currently active data record and 
■ust be called before another data record can be aade active. 

WRIDR aust be called for each data record in update and create 
aodes. In read aode WRIDR is not used. 

calling sequence - CALL WRIDR 
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Appendix D. 


EXPERIMENT SIMULATION PROGRAM (ESTIM) 

This appendix describes the experiment simulation and error 
analysis program. The overall organization of the program, particular 
features of individual sections, and modes of operation are covered. 

The algorithms developed in section IV. A are implemented in a 
program called ESTIM. The output of the program is the projected 
noise-only error (NOE), modeled error (MD£), and total error (the 
root -sum- square of NOE and MDE) of the adjusted parameters for the 
observing configuration under study. ESTIM includes three components: 

1) mathematical models for physical effects, 2 ) computation of 
observation configuration, and 3) error analysis. A block diagram of 
the organization is given in figure 0.1. 

1. The models of physical effects 

There are nine models implemented in ESTIM: 1) atmosphere, 

2) clock behavior, 3) diurnal polar motion, 4) solid earth tides, 

5) relativistic gravitational ray deflection, 6) station position, 

7) source position, 8) UT 1 , and d) wobble (long period polar motion). 
The alogorithms used are described in Chapter II. Each model is 
contained in a three part program section. The first part handles 
input and initialization. The second part computes the partial 
derivatives of the model parameters needed for the normal matrix. The 
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Fig. D . 1 ESTIM blook diagram 
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third part handles output. At the input phase control information and 
parameter error values are entered. Each model parameter can be 
included in the simulation, as either an adjusted or an unadjusted 
parameter, or ignored completely. Those models requiring specific 
sites, sources, and starting epochs to be associated with particular 
parameters receive this information through the input part. In the 
computation part the partial derivatives of the desired observables 
(delay, rate, or both) for the included parameters are calculated. The 
observation geometry is available to each computation part in identical 
format: the Julian date, UT time, Greenwich mean sidereal time, 
rotation matrix from date to 1950.0, the time derivative of the 
rotation matrix, and indices for the source and two sites involved. 
Control information received at the input phase determines where the 
computed partials are stored in order to enter the simulation as 
adjusted or unadjusted parameters. The output part has two functions. 
For unadjusted parameters it lists the formal error used. For adjusted 
parameters it indexes the computation of the various errors which are 
the output of the simulation program. All the sections have similar 
internal structure and identical interfaces so that new or different 
models can be introduced with little difficulty. Each section operates 
with control flags to make intermediate results available for reference 
or checking. 

The atmosphere section works with only one type of parameter, the 

zenith troposphere thickness in rconds of travel time. Up to twenty 

atmosphere parameters can be included, each associated with a specific 
site and starting epoch. The multiplicity of parameters is necessary 
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for realistic slaulatlon of actual data analysis. A different zenith 
paraaeter is needed at each site since distant VLB1 antennas do not 
look through the saae ataosphere. '.dually a different paraaeter is 
used for each day of an experiment. If the weather changes radically, 
a single paraaeter for a day aay not adequately aodel the air aass 
above the station and aore aust be used. The interval over which a 
single paraaeter is adequate cannot be predicted in practice. It is 
desirable to liait the nuaber of ataosphere paraaeters to avoid 
weakening estiaates of the paraaeters of interest, but it is useful to 
see how badly the estiaation will be degraded. The introduction of 
aeteorological and radioaetric data for aore coaplex modeling of the 
ataosphere changes the actual data analysis and hence the siaulation. 

In particular, the zenith angle dependence aay be different. This 
coaplication is not yet included. The siaple ataosphere paraaeters 
have always been adjusted in actual data analysis and are generally 
included as adjusted paraaeters in siaulations. 

The clock section uses a polynomial to aodel the behavior of 
station frequency standards. Twenty polynomials of up to five terms, 
each associated with specific sites and starting epochs, can be 
included in a siaulation. The argiaent of the polynomials is elapsed 
time from the starting epoch. The units of the coefficents are sec, 
sec/sec, sec/ sec" 2 , etc. It has been the experience that clocks can be 
modeled well by a two or three term polynomial, i.e., offset, drift, 
and curvature, or not at all. The higher order terms are not a good 
aodel for erratic clock behavior. When the clock behavior is not 
linear or slightly curved, it is necessary either to use more 
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polynomials for a given time interval or to difference successive data 
points on different sources. Differencing data removes the clock 
offset entirely and reduces the drift behavior to the time between 
observations. Both methods weaken the solution, the first by adding 
more uninteresting adjusted parameters, the second by discarding 
information. For well-behaved data the clocks for a one-day experiment 
can be modeled by a single offset and rate at all stations but one. 

The clock at one station must be considered error- free as a reference. 
Since polynomials are rather ad hoc models mimicking actual data 
analysis, the clock parameters are generally included as adjusted 
parameters. Including higher order terms as unadjusted parameters, 
besides being unphysical, leads to numerical difficulties. 

The diurnal polar motion section applies a single parameter, the 
dimensionless scaling factor for the radius of the diurnal path of the 
angular momentum pole with respect to the terrestrial coordinate 
system. Summation of the time series derived by McClure (1973) is done 
by two subsidiary routines. To save computational time and program 
space, the mean obliquity is used instead of the true obliquity in 
calculating the correction to sidereal position, delpsi(rD) cos(eps). 
The error is insignificant. Since diurnal polar motion has almost the 
same time signature as apparent source motion, it is virtually 
impossible to include bo^h source positions and diurnal polar motion as 
adjusted parameters in a normal one-day experiment. Consequently, 
diurnal polar motion is usually included as an unadjusted parameter. 

The effect has been difficult to measure and the parameter model error 
could be quite large. 
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The earth tide section contains two parameters, the Love numbers 
h and I. The Love number h scales vertical tidal displacement while 1 
scales horizontal displacement. Computation of the time serie-i taken 
from Melchior (1966) is done in a separate subroutine. For simplicity, 
geodetic latitude rather than geocentric latitude is used. As with 
diurnal polar motion, the time signature makes it difficult to include 
both source positions and Love numbers as adjusted parameters for a 
single day of observation and the tidal parameters are generally taken 
as unadjusted parameters. 

The section for relativistic gravitational light deflection uses 
the single dimensionless parameter gamma. There are two versions of 
the section to model the sun and Jupiter. The position of the mean sun 
is calculated in a subsidiary program. Since the corona makes it 
difficult in practice to follow fringes at approaches closer than ten 
solar radii, the difference between mean and true position is not 
important. Past observations of solar occulations were done using 
phase delay because of the recording scheme used by the Mark 1 VLB1 
system. Samples over the spanned bandwidth are recorded sequentially 
instead of simultaneously. Consequently the group delay is badly 
affected by phase fluctuations caused by the corona. With Mark III 
there will be simultaneous recording of wider single frequency channels 
so that it may be possible to follow a source closer to the su: A 

more accurate solar position model may be needed for correct simulation 
of Mark III occultation experiments using group delay. The Jupiter 
version of the deflection section uses a separate program to compute 
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Jupiter's apparent position and polar radius based on tabulated values 
for 1975. During most experiments the observed sources are not close 
to the sun or Jupiter so that the deflection effect is small. There is 
little reason to expect that the value of gamma differs from unity. 

For these two reasons the parameter is usually not included in 
simulations of other measurements. There is more interest in testing 
configurations for their usefulness in estimating gamma. 

The site section controls which stations are included in the 
observation configuration as well as computing the partial derivatives 
of the site position components. Five stations can be treated in a 
single simulation. The sites can be parameterized using cartesian or 
cylindrical coordinates, both coordinates referenced to a right handed 
system aligned by the geographic pole and the Greenwich meridian. For 
cartesian components the units are in meters. The units for 
cylindrical radius, east longitude and z-component are in meters, 
arcseconds, and meters, respectively. If all the components of a site 
are adjusted, the choice of cartesian or cylindrical does not affect 
the baseline errors. In both data analysis and simulation the position 
of at least one station must be held fixed. Any errors in the 
reference site position will appear directly in the positions of the 
adjusted stations and should not affect the baseline errors. Since the 
site positions are basic to VLBI geodesy, the position parameters 
usually appear as adjusted parameters. 

The source position section computes partial derivatives of 
source right ascension and declination for up to twenty sources. Units 
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are seconds of time and seconds of arc, respectively. The right 
ascension of one observed source must be held fixed in order to 
determine the origin of right ascension. While the reference source is 
usually 3C273, the choice of another source does not affect parameter 
adjustments. The NOE and MDE of the adjusted parameters may change as 
a result of different parameter correlations, however. In practice, 
source positions are usually adjusted to refine their error bars. It 
is implausible that many of the sources will show true displacement. 

The UT1 section parameterizes the offset between UTC and UT1 by a 
polynomial of up to three terms. Ten polynomials with associated 
starting epochs can be included. The units for the coefficients are 
sec, sec/hr, and sec/hr “2. The UTC-UT1 offset for at least one 
observation must be held fixed in order to determine an origin of time. 
In practice UT1 is not adjusted unless several days of data are 
available. The values of UTC-UT1 are taken from an empirical model, 
usually BIH one-side-smoothed ten-day tabular points, for one of the 
days in the set and a different offset is fit for each of the remaining 
days. The adjustment is to the difference between the BIH values and 
the true values. Higher order terms in the polynomals have rarely 
been used. A constant error in UTC-UT1 will be absorbed in the 
longitude of the adjusted sites without affecting the adjustments of 
other parameters. Variations in UTC-UT1 or sudden jumps will bias the 
adjusted parameters in a more complex way. 

The wobble section models the offset between the slowly moving 
spin pole and the geographic pole as two polynomials in the x and y 
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displacement. Each polynomial can have up to three terms and ten sets 
of polynomials can be included. The units for the coefficients are 
arcsec, arcsec/hr and arcsec/hr*2. As with UT1 the pole displacement 
for at least one data point must be held fixed. The adjustment to the 
displacement is to the difference between the true val'^s and the BIH 
values used as the empirical model. Only one component ran he adjusted 
if only a single baseline is included, and higher order terms are not 
generally used. Since the displacement of the pole is slow, the wobble 
parameters are not adjusted unless several days of data are included, 
in which case a single offset may be fit for each day except the 
reference day. It is not possible to adjust the complete set of 
station coordinates and the wobble/UTl parameters simultaneously as the 
normal matrix becomes ill-conditioned. 

2. The observation configuration 

The observation configuration is determined by a table of default 
conditions and the schedule section. Certain information is contained 
internally but can be overridden: 

physical constants for the speed of light, the radius of the 
earth, and the flattening factor; 

source names, right ascensions, declinations, and fluxes at 
different frequencies; 

station names, geodetic coordinates, antenna sizes, efficiencies, 
slewing rates and limit stops, receiver temperatures, and index codes; 

observing frequencies; 
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recorded and spanned bandwidth, fractional relative frequency 
stability for the clocks, and integration time; 

default measurement errors for delay and delay rate. 

The schedule section consists of the routines INPUTS, TCDATE, 
IOBS, and SKED. INPUTS enters the starting epoch and cny new values 
for observation timing. If source position updating is required, 

TODATE is used. IOBS enters a source index for each observation. If 
desired, the starting epoch, integration time, waiting time, and cable 
wrap direction can also be entered. SKED computes the observation 
geometry . 

The schedule section has both interactive and batch modes of 
operation. In the interactive mode, a schedule for the selected 
stations and starting epoch is created to simulate a particular 
experiement. The user selects a source to be observed. SKED checks 
the station horizons and limits stops to ensure that the source can be 
seen at all sites. If the observation is acceptable to the scheduler, 
the orientation of the antennas and the time of day are updated to 
reflect the observation. As subsequent sources are entered, the 
program calculates the appre/riate observation starting epochs based on 
antenna slewing rates, the types of telescope mounts, the integration 
time, and any waiting time required for other functions. An 
observation can be specified to begin at a particular epoch, in which 
case the program checks that there is sufficient time for the antenna* 
to reach the desired position. Each observation is accepted or 
rejected by the scheduler. However it is possible to jump back to an 
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earlier point in the schedule and start again. This feature is 
necessary to untangle p rob leas that are caused by cable wrap on 
slew-moving alt-az mounted telescopes. The partial derivatives of the 
included paraaeters are accumulated by the error analysis section as 
the schedule is aade. When the schedule is considered complete, the 
total observing and slewing times of the telescopes and the number and 
distribution of observations for each source are summarized. The error 
analysis section finishes its calculations and the results are printed. 
The complete schedule is saved so ttat it .an be re-analyzed with 
different parameter sets or witr. a subset of the initial stations. 

In batch mode a previously created schedule is analyzed. The 
schedule section calculates the geometry of each observation and flags 
those that cannot be made because of slewing or pointing constraints. 
The partial derivatives for all the observations entered are 
accumulated and the necessary matrix operations performed by the error 
analysis section to produce the desired covariances. In batch mode 
measurement errors for each observation can be entered 

3. Tne error analysis section 

A few terms are defined here for use in the following sections. 
The normal matrix and the adjusted/unadjusted cross partiais matrix are 
given v y 

T 

N = B WB (dimension ml by ml) D. 3.1 

T 

K = E WC (dimension ml by rc'- D.3.2 
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where 


B s watrix of partials for adjusted parameters (dimension n by ml) 

C = matrix of partials for unadjusted parameters (dimension n by m2) 

n = number of observations 

ml = number of adjusted parameters 

m2 - number of unadjusted parameters 

The weight matrix is defined as 
T -1 

W » Elee 1 (dimension n by n) D.3-3 

where 

e = vector of observation errors 

and is assumed to be diagonal. The unadjusted parameter formal error 
vector, Sy, is defined as the square root of the diagonal of the 
covariance of y, COV[ y ], where y is the vector of unadjusted 
parameter errors. It is assumed that the unadjusted parameter errors 
are uncorrelated and therefore that only the diagonal elements exist. 

Each element of Sy is the uncertainty of a particular model parameter. 

The gain matrix is 

G - (B T WB) -1 B T WC (dimension ml by m2) D-3-4 

The sensitivity vector is defined as 

S * (B T WB) *B T WCS v (dimension ml) C-3-5 
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The error analysis section consists of routines ESTIM, WGHT, 
COnUT, GAM, and COORD. 

ESTIM is called for each acceptable observation. It proapts the 
coaputation part of each aodel section to enter values into the vector 
of adjusted parameter partials, B, and into the vector of unadjusted 
parameter partials, C. The WCHT routine is called to calculate the 
measurement error. The vector B is scaled by the weighting value, 
giving (B T V), multiplied by B and C to give (B T W B) and (B T w C) , and 
summed with the accumulating normal matrix N and cross-partials matrix 
K. 


The input part of WGHT (IWGHT) accepts control data on what 
source fluxes to use and which error sources to include- A number of 
options are available. The weight nay default to a fixed value or a 
value entered for each observation. The weight nay also be calculated 
from source fluxes with antenna, receiver, and recording information. 
Alternatively, the weight can be derived from the atmosphere or clock 
error or a sum of several error sources. A fixed external error can be 
added to whatever other errors are included. WGHT returns values for 
both delay and delay rate. Each weighting number applies to a single 
observation and no correlation between measurement errors can be 
included. 

COVMAT is called when a schedule is complete. The normal matrix 
is inverted and multiplications are performed to produce the gain 
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■atrix and the sensitivity vector. If desired, various correlation and 
covariance Matrices are coaputed and printed. 

The routine GAM has three parts. INGAM fonts the unadjusted 
parameter formal error vector Sy. ALLGAM prints Sy for reference. 
OUTGAM is called by the output part of each model section. It 
calculates for each adjusted parameter the MDE contribution from each 
unadjusted parameter. The individual Modeled errors are 
root-sum-squared to give a total MOE. The individual MDE 
contributions, the noise-only error, the total Modeled error, and the 
root-sum-square of the NOE and modeled errors are printed for each 
adjusted parameter. 

COORD transforms the covariance associated with the station 
components to the covariance of the baseline parameters. Errors and 
correlations for the baseline length, longitude, and latitude are 
computed based on the noise-only covariance and the total error 
covariance. 

4. Driver sections 

The driver routines form the structure that links the three 
computational pieces. The MAIN program rails in turn 1NPUTP, INITL. 
INPUTS, SKED, COVMAT, OUTPUT, and COORD. 1NPUTP prompts the input 
parts of WGHT and the model sections. INITL converts angular 
quantities stored internally as hours-minutes-seconds or 
degrees-minutes-seconds to radians and computes cartesian coordinates 
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for source and site positions. It also prints default information of 
the sources and stations. IMPUTS accepts data defining the starting 
epoch and new schedule timing parameters for waiting time and aininun 
cycle time. HPUTS also updates source positions to epoch of date if 
more accurate geometry is required. OUTPUT prompts the output parts of 
the model sections. 

5- Coordinate system and time 

Because the observing geometry need not be so accurately computed 
for error analysis as for parameter estimation, a number of 
simplifications can be made. The basic coordinate system is nominally 
the geocentric 1950.0 reference frame in which the source positions are 
given. Two rotation matrices, (P N S) and (P N S) , are calculated 
to give the delay and delay rate at each observation epoch. 

t * (PMSb) * S D.5- 1 

where 

P = precession matrix from mean of date to *»950. 0 
N = nutation matrix from true of date to mean of date 
S = diurnal rotation matrix 

b = baseline vector terrestrial coordinates (light-seconds) 
s = unit vector in the direction of the source 

i - (PHSfo) * S D.5.2 

where 

S = time derivative of the diurnal rotation matrix 
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The precessioo/nutataion matrix is calculated for each observation 
epoch. The diurnal rotation matrix is computed from Greenwich apparent 
sidereal time for each observation. 

S - (-CAST) 

where 

CAST = GMST(0 hr UT> ♦ UT W ♦ delT 
GMST = Greenwich mean sidereal time 
UT = UTC epoch of observation 
W = diurnal rotation rate 
AT = equation of the equinoxes 

GMST and ti are computed from the standard expression in ESAENA (1961) 
while AT is computed using only the largest term in the nutation 
series and the mean obliquity. 

For special purposes, particularly in scheduling an actual 
experiment, it is desirable to use more accurate source positions. In 
that case the source positions are updated with aberration, 
precesssion, and the largest two terms in nutation in obliquity and 
longitude. The source positions are good within two arcseconds. All 
geometric calculations then proceed in the true of date coordinate 
system. 

All other distorsions of the simple geometry are ignored. 


D.5.3 

D.5.* 
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Appendix E 


EXPERIMENTS SCHEDULED 

The ESTIH program described in appendix D has been used to 
schedule a number of VLBI experiments . This appendix briefly 
summarizes the purpose and outcome of these experiments. 

The Haystack-NRAO baseline was scheduled in October 197*1 for a 
survey of high declination sources not previously observed or rarely 
observed at X band. The sources were selected by L.K. Hutton f^om 
general surveys on the basis of spectrum and type. Most of the sources 
did not give fringes. The data are being prepared for publication by 
C.A. Knight and J.J. Wittels. 

A geodesy schedule was used in August 1975 on the 
Haystack-Goldstone baseline. An attempt was made to optimize the 
schedule for mimimum baseline length error on the basis of expected 
source fluxes and system parameters. The original 26 hr span was 
shortened to approximately 12 hr because of Viking launch operations. 

In addition, one frequency channel in the synthesized bandwidth was 
faulty and the resulting group delays were extremely noisy. The data 
from this experiment have not proved to be useful. 

An extensive experiment was scheduled using Haystack, NRAO, and 
Owens Valley Radio Observatory (OVRO) during September and October 
1976. A number of different activities were included. During the time 
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only Haystack and NRAO were available, a single-frequency source 
stucture schedule was used, concentrating on 3C 8k. An attempt was 
made to observe a lunar occultation of CTA 21, which did not give 
fringes. Several geodesy schedules were used including and excluding 
3C 120. which a preliminary test had shown to be very weak. Geodesy 
schedules for successive days were staggered so that sources would not 
be observed at the sane hour angles, a desirable feature for source 
structure studies. The data have been reduced for astronomical use by 
J.J. Hittels. D. Hoberston and J. Ryan have analyzed the data for 
geodesy and wobble/UTI. 

A geodesy schedule was prepared for several days in March 1977 
using Haystack, MR AO, and 0VR0. The schedule attempted to increase the 
nunber of useful observations by scheduling each station somewhat 
individually. In particular, the effect of the slow slewing rate of 
the OVRO telescope was reduced by allowing Haystack and MRAO to make 
additional observations while OVRO was engaged in long pointing 
motions. OVRO and Haystack also made additiional observations when the 
hour angle limit at MRAO prevented that telescope from observing. The 
data are being analyzed at GSFC, MIT and Haystack. 

Haystack, NRAO, OVRO, and On sal a were scheduled in September 
1977. Approximately AO hr were used for the first test of Mark 111. 
Both strong sources normally used such as 3C 8k and weak sources below 
the sensitivity of Mark I such as the galactic center and Algol were 
observed simultaneously with Mark 1, Mark II, and Mark III. Hark III 
was only available on the Haystack-NRAO baseline. Two days of 
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conventional geodesy schedules followed the Hark III test, the 
schedules were prepared for Haystack-NRAO-OVRO while Onsala observed 
whatever it could. Fringes were detected with all three recording 
systems on the Haystack-MRAO baseline. No fringes were found on the 
0¥R0 baselines. The cause has not been conclusively determined but may 
have been a faulty local oscillator. 
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Appendix F. 


MEASUREMENT OF SOLID EARTH TIDES FROM GRAVIMETER DATA 

Fundamental astronomy has long been dominated by measurements of 
zenith angle. Consequently the effect of earth tides on the local 
vertical has been of some concern. More recent techniques such as 
interferometry and laser ranging are affected by earth tides in a 
different way. The delay and range observables are determined by the 
position of the observing sites relative to the source or the 
reflector. Displacements caused by earth tides rather than deflection 
of the vertical change the observing geometry. The question arises how 
the displacement can be measured or modeled. The problem is more 
difficult than monitoring changes in local vertical. Tiltmeters are 
available to measure deflection directly but no instruments are capable 
of measuring displacement relative to the earth's barycenter. It is 
possible, however, to measure the gravity tide (Kuo et al 1970). Since 
the response of the earth to the displacement tide is similar to the 
response to the gravity tide, variations in gravity should be reflected 
in displacement. From the Love numbers h, k and 1 the displacement 
tide can be inferred. 

A brief study was made of the gravity tide in the vicinity of 
Goddard Space Flight Center to see how well the gravity tide, and 
indirectly the displacement tide, could be modeled from theory. The 
measurements were made in the basement of the Physics Building at the 
University of Maryland with a Lacoste and Romberg gravity meter, model 
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E-T, serial number 9. Voltage output was recorded at 5 minute 
intervals on magnetic tape using a Monitor Lab analog scanner and a PEC 
incremental tape drive. The time during which usefu] data were taken 
lasted from August to November 1975- After November both the scanner 
and the tape drive failed to function properly. Throughout the period 
of observation the gravimeter was subject to disruptions caused by 
strong seismic events. The pendulum beam would go off scale and remain 
out of range for periods of hours to days. 

The data ’apes were copied, edited, and decimated to one hour 
intervals for processing. A program ET1DE written by G. Epstein was 
used to fit and plot the data. The fitting procedure consisted of two 
steps. In the first step the data wei » least-squares fit with an 
equation 


2 

V = aT + b_ + b.t + b.t + ... F.1 

0 j. I 

where 

V = voltage 

a = scaling factor (volts/microgal) 

T = gravity tide 

= constant voltage offset 
t = tine in hours 

b , b 9 , ... = coefficients of the time polynomial 

A modification of J. C. Harrison's program for the gravity tide was 
used. Jumps in voltage caused by zero adjustments and spikes resulting 
from seismic events or faulty recording were then marked in the plotted 
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poat-fit residuals. For each step discontinuity a new set of time 
coefficients was introduced. Spikes were reaoved by linear 
interpolation. The data were then fit with an equation 


V * aT + b Q1 + b u t + b 21 t + . . 

* b 02 + b u' + b 22 tZ * • 


+ ... 


where 


F.2 


= constant voltage offset at 
b^ = constant voltage offset at t 2 

^11’ ^21’ ** = coefficients of time polynoaial starting at 
**12’ ^22’ *" = coe ^i cients of time polynomial starting at 


The coefficients were estimated by least squares, the residuals 
plotted, and root-mean- squared residual computed. 


The results are presented in tables F.1-5. Table F.1 shows 
seventeen days of data beginning on day 220 of 1975- One step was 
necessary at point 237 to account for resetting the gravimeter zero. 
The data were fit with the scaling factor, a constant, and from one to 
three time coefficients indicated by A, B, and C. The addition of a 
quadratic term reduces the rms residual by 28} from the value using 
only a linear rate. The cubic term has little effect. The scaling 
factor is unaffected by additi lal terms. 


The behavior of the residuals is quite different before and after 
the gravimeter adjustment. Tables F.2 and F.3 show the two parts fit 
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Table F.1 Fit to 400 gravity data points beginning 75/220 18:00 


start 

a 

b0 

bl 

b2 

b3 

rms residual 

point 

V/microgal 

V 

V/hr 

V/hr*2 

V/hr A 3 


A. 1 

.01368 

.78 

.0083 



6.062 microgal 

237 


-.24 

.0047 




B. 1 

.01367 

.94 

.0040 

.000018 


4.384 

237 


-.25 

.0049 

-.000001 



C. 1 

.01367 

.93 

.0048 

.9-5 

.20-7 

4.326 

237 


-.21 

.002 

.4-4 

-.16-7 


Table F.2 

Fit to 236 

gravity data 

points beginning 75/220 18:00 

start 

a 

bO 

bl 

b2 


rms residual 

point 

V/microgal 

V 

V/hr 

V/hr A 2 



A. 1 

.01368 

.78 

.0083 



7.190 microgal 

B. 1 

.01365 

.95 

.0040 

.000018 


4.687 

Table F.3 

Fit to 175 

gravity data 

points beginning 75/230 14:00 

start 

a 

bO 

bl 

b2 


rms residual 

point 

V/microgal 

V 

V/hr 

V/hr*2 



A. 1 

.01369 

-.25 

.0048 



3.868 microgal 

B. 1 

.01369 

-.25 

.0047 

.0000009 


3-863 

Table F.4 

Fit to 400 

gravity 

1 data 

points beginning 75/220 18:00 

start 

a 

bO 

bl 



rms residual 

point 

V/microgal 

V 

V/hr 




1 

.01368 

.97 

.0041 



3.121 microgal 

81 


1.41 

.0080 




195 


2.22 

.0194 




237 


-.24 

.0048 
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separately with one and two time coefficients indicated by A and B. 

The coefficients do not differ greatly from the combined fit, but the 
rms residual is 20 % larger for the first set than for the second. The 
fit for the first set is considerably improved by the inclusion of a 
quadratic term, indicating a less linear drift than in the second part. 
The behavior of the residuals in the first set indicated that 
additional steps or polynomial terms were necessary. The fit of all 
400 points with steps at points 8 1 , 195, and 237 is shewn in table F.4. 
The scaling factor is consistent with the previous results. The drift 
rate of the gravimeter is not stable over the seventeen days and ranges 
from .0041 to .0194 V/hr or fro- } .2 to 34 microgals per day. The 
root-mean-square residual for the span is only 3-121 microgals. 

After a gap caused by a large seismic disturbance, a 37-day span 
was recorded. The results of fitting are shown in table F.5. A single 
step '.:as used at point 250 for a zero adjustment. T'. is shown as 
solution A. The behavior of the residuals indicated that many terms in 
the time polynomial would be required to remove the instrumental drift. 
The interval was instead divided in solution B using steps at points 
125, 250, 320, 360, 560, 800, and 835 where the curvature of the 
residual plot changed. The erratic drift of the gravimeter can be seen 
in the rates for each interval which vary from -.0063 to .0116 V/hr. 
Nonetheless the rms residual is only 4.235 microgals. 

According to Farrell (private communication) the M2 an! 01 ocean 
tides should contribute 2.54 and .47 microgals, respectively, to the 
gravity tide in the Goddard Space Flight Center area because of ground 
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Table F.5 Fit to 900 gravity data points beginning 75/241 17:00 


start 

a 

bO 

bl 

nrs residual 

point 

V/aierogal 

V 

V/hr 


1 

-01365 

1.52 

-0033 

8.031 aicrogal 

250 


-1.05 

.0019 


1 

.0.373 

1.38 

.0056 

4.235 

125 


2.04 

.0015 

250 


-1.04 

-.0007 


320 


-1.14 

.0113 


360 


-.83 

.0018 


560 


-.34 

.0016 


800 


-. 10 

.0116 


835 


-19 

-.0063 
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loading and Newtonian attraction. The rms residual gravity tide from 
the two sets of data is not inconsistent with Farrell’s calculations. 
However, gravity measurements cannot separate the displacement effect 
from the Newtonian attraction of the oceans. Only displacement affects 
the observing geometry of interferometers and laser ranging. If the 
entire gravity tide residual were caused by displacement, the 
displacement error indicated by the gravimeter data would be between 
1 cm and 1.4 cm. It should be noted that the effect of oceans on an 
island site could be much larger. 

The necessity of measuring or modeling the displacement tide is 
dependent on the accuracy required. The displacement tide cannot be 
directly measured. The previous gravity meter measurements indicate 
that observations are necessary only if accuracy better than 2 cm is 
desired. For lesser accuracy a solid earth i-idal model and an ocean 
loading model should be sufficient. 
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